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ABSTRACT
I present a study of the optical properties of poly-para-phenylene and three
different side-chain substituted polyfluorene polymers. Each of the different sidechain substitutions directly affects morphology of the polymer, the defect
concentration, and the bulk optical and physical properties inherent to the
material.
I present an analysis of the Raman spectra under hydrostatic pressures for
three oligo(para-phenylene) materials (p-terphenyl, 3P; p-quaterphenyl, 4P; and
p-hexaphenyl, 6P) under hydrostatic pressure up to 80 kbar, with a focus on the
15-25 kbar region where the molecules are known to be forced into a more
planar state. Spectroscopic indicators of the degree of non-planarity are found in
the intensity ratios and frequency separations of the 1280 cm-1 to the 1220 cm-1
modes and the 1610 cm-1 to the 1600 cm-1 modes. The most remarkable feature
is the clearly defined change in the slope of the 1220 cm-1 in-plane bending
mode upon planarization. In contrast, modes in the 1600 cm-1 region do not
have as clear a two-slope behavior; however, a more sensitive measure of
planarization is the frequency difference between the 1610 cm-1 and the 1600
cm-1 modes, which exhibits a distinct drop before planarization, and a gradual
increase thereafter. The resonance conditions that are responsible for the 1610
cm-1 mode make the two-slope behavior less pronounced as compared to the
1280-1220 pair of modes. The intensity of the Raman modes from all three
oligophenyls also indicate planarization: the intensity of the 1280 cm-1 mode

xii

decreases sharply relative to the 1220 cm-1 mode until the molecule planarizes,
and increases slowly thereafter.
I present studies of the photoluminescence (PL) and Raman modes of
polyfluorene (PF2/6) under hydrostatic pressures of 0-120 kbar at room
temperature. The distinct PL with associated vibronics observed at atmospheric
pressure blue shifts and changes dramatically around 20 kbar, above this
pressure a broad peak at about 2.3 eV, associated with the keto defect, begins to
-1

dominate the PL. Raman modes observed are the 1417 cm mode from the C-C
stretch within the monomer, the 1342 cm

-1

and 1290 cm

-1

modes from phenyl

-1

rings connecting the monomer units, and the 1600 cm modes from the intra-ring
C-C stretch. All Raman modes analyzed shift to higher energies with pressure.
Some of the phonon lines exhibit an antiresonance effect at higher pressures that
is indicative of a high electron phonon interaction between the Raman phonons
and the (real) PL transitions.

xiii

1 Introduction
1.1 Introduction to organic semi-conductors
For several years now conjugated organic molecules have been very
promising active materials for low cost, large area optoelectronic and photonic
devices such as light emitting diodes.1

The high charge carrier mobility due to

the π-orbital overlap of neighboring molecules dictates the conductive properties
of these materials, thus allowing the creation of conducting or semi-conducting
polymers.

The wide band gap organics have been of particular interest for

organic displays requiring blue light emission, such as an excitation source for
color conversion to red, green, or white light by color-changing media such as
fluorescent dyes.2

In recent years rapid development has occurred in the

applications of organic materials in devices such as OLEDs, diode lasers,
transistors, and photodiodes.3
Since the degree of π-orbital overlap dictates many of the electrical and
optical properties of organic materials it is important to understand the
conformation of the material. Optical studies under high pressure allow us to
correlate how intermolecular interactions and structural changes impact photophysical properties without altering the chemical composition of the sample.
Oligomers of para-phenylene have proven to be a nice model system for
emissive molecules and have been utilized as prototype materials for blue
organic light emitting diodes.4-7
Recently polyfluorene (PF) has sparked particular interest due in part to the
extraordinarily large photoluminescence quantum efficiency (55%) compared to

1

other conjugated polymers/molecules in solid state.8 These materials are also
known to retain a high hole mobility at room temperature.9,10 Both of these traits
increase the technological importance of polyfluorene (PF) and other related
conjugated molecules. PFs have been efficiently utilized in organic light emitting
diodes (OLEDs).11
Some side-group substituted PFs have been shown to exhibit complex
morphological behaviors that have interesting implications due to their rich
photophysics.

The liquid crystallinity of PF derivatives with long alkyl

substituents allows fabrication of electroluminescent devices with highly polarized
emission12 that is of potential use for applications requiring polarized emission.13
Unfortunately devices fabricated from the PF family of materials are known to
degrade under operation. The desired blue electroluminescence from the singlet
excitons changes to an undesirable 2.1-2.6 eV greenish/reddish emission.
Photo-oxidation

produces

a

similar

broad

emission

band

in

the

photoluminescence (PL) spectrum. Initially this red shifted emission had been
attributed to aggregation and/or excimer formation in the material.14,15 Recently,
List et al.16 have conclusively shown that the 2.3 eV band is related to emission
from keto defect sites (9-fluorenone) in the sample. The fluorenone sites act as
guest emitters that can efficiently trap singlet excitons created on the conjugated
polyfluorene backbone. Time-resolved PL measurements further show different
temporal dynamics for the various peaks in the 2.1-2.6 eV region, indicating that
the origin of some of the peaks is due to on-chain emissive defects while other
peaks are from aggregates and excimers.17,18

2

In this work I discuss the optical properties of para-phenylene and
polyfluorene in the context of PL, absorption, and Raman scattering as a function
of temperature at ambient pressure and as a function of hydrostatic pressure at
room temperature. Hydrostatic pressure enhances intermolecular interaction and
changes the molecular geometry without producing chemical changes in the
material.

The combination of pressure and temperature studies allows

investigation of phase transitions in the material. A full understanding of the
influence

of

the

intermolecular

interactions

is

crucial

since

the

photoluminescence quantum yield (PLQY) of polymers is known to decrease in
the solid state. For example, in methylated ladder-type poly para-phenylene (mLPPP), the PLQY of solution and film are (100%) and (30%), respectively.19 In
decyloxy PPP (DOPPP) PLQY values of 85% in solution and 35% in film are
observed.20

In the solid state the electronic properties of organic materials

depend significantly on the three-dimensional interactions. Recent theoretical
methods of quantum-chemistry and solid-state physics in conjunction with
experimental measurements have provided valuable insight into the electronic
and optical properties of both oligomers and polymers.21,22,23,24

Hydrostatic

pressure studies enable the study of the effects of enhanced interaction on
aggregate and defect-related emissions in these systems.
An additional interesting feature of PFs is that the backbone conformation is
intermediate to that of planar and non-planar conjugated solids. It thus provides
an interesting contrast to the planar polymer m-LPPP and the non-planar
oligophenyls such as para-hexaphenyl (PHP).
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Previous studies indicate that

enhanced intermolecular interactions under the impact of pressure in conjugated
solids typically produce an increased degree of conjugation, destabilization of
localized states as in m-LPPP,25,26 and changes in the ring torsional motion as in
PHP.27 These changes in geometry can be deduced from their influence on
electronic and vibronic spectra. PFs also show rich morphological behavior as a
function of temperature: the glass-rubber transition and the liquid crystalline
phase are induced at elevated temperatures. It therefore makes it an interesting
system to study under high pressure since one can test whether any of the hightemperature phases can be induced by the application of pressure alone at room
temperature.

1.2 Materials
1.2.1 oligo(para-phenylens)
Due to the wide band-gap of the para-phenylene PPP, this material has been
utilized as the active emissive layer in blue light emitting organic diodes. The
number of phenyl rings conjugated together determines the resulting band-gap of
the material, as the length of the molecule is increased the band gap
decreases.28

The three oligomers discussed here are p-terphenyl (3P), p-

quarterphenyl (4P) and p-sexiphenyl 6P, Figure 1.1. The simplest of this family
of oligomers biphenyl, was not included in this study since the band-gap was
much larger than the available UV lines from the argon ion laser.
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Figure 1.1 Molecular structure of oligo(para-phenylene)

The oligomers of PPP are linear fully conjugated molecules, resulting in a
delocalization of the excited states and good charge carrier mobility along the
molecule. The structure is on average planar, but due to the repulsion of the
ortho-hydrogens along the molecule, each phenyl ring sits at a slight angle with
respect to the adjacent rings. The angle between adjacent rings has been shown
to decrease as the length of the molecule increases.28 The conformation of the
molecule has also been shown to be sensitive to the presence of impurities in the
material resulting in a more planar molecule.29

1.2.2 polyfluorene (PF)
Several side group substitutions have been made upon the 9,9-dialkyl-PF
backbones.9,30

To keep the solubility high in typical organic solvents, alkyl

groups longer than 6 carbon atoms are often used. It has been shown that the
side group substitution does not affect the optical and electronic properties in
dilute solution.9 However, this is not the case in the solid state where the nature
of the side chains will dictate the physical properties of the polymers such as the
glass rubber transition temperature (Tg), the crystal melting temperature (Tm), the
crystal formation temperature (Tc), and the liquid crystalline phase transition
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temperature (TCr-LC).9 If the alkyl side group is not branched, a special highly
ordered glassy beta phase, which exhibits extended intrachain π-conjugation, can
be achieved by properly thermo cycling the polymer.9,31,32,33 The formation and
stability of the ordered phases are important for long term device applications of
the polymer. The extended molecular ordering in the beta phase changes the
optical absorption of the material by inducing a bound polaron state on the lowenergy side of the absorption spectra,9 limiting applications in devices such as
polymer electron injection lasers. Other consequences of the beta phase are a
distinct red shift of absorption and emission peaks with a well-resolved vibronic
progression both in absorption and emission due to enhanced molecular
alignments.

In contrast, the alpha phase shows a well-resolved vibronic

progression only in the emission spectrum. If the substituted side chains are
branched-alkyl groups then the formation of a beta phase is greatly inhibited;
although it has been demonstrated with proper solvent vapor treatment in
conjunction with thermo cycling.9
The polyfluorene polymers that have been studied here were synthesized by
reductive aryl-aryl coupling according to Yamamoto as described by Emil J.W.
List et.al.9,30 This was the preferred synthesis method since it can produce very
high molecular weight polymers with low defect concentrations.
The PF monomer unit is depicted in Figure 1.2 showing the connection of the
alkyl side groups at the 9,9 position and the conjugation to the adjacent
molecules at the 2,7 positions.
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R

R

n

Figure 1.2 Diagram of the PF monomer building block
During synthesis it is possible that not all of the side groups are fully
substituted along the polymer chain. These defects will affect the bulk optical
properties of the material by acting as dopants changing the bulk electronic
properties of the material.9 The keto defect (2,7-fluorenone) (Figure 1.3) is the
substitution of oxygen in place of the alkyl groups.9 The role of this defect and
the impact on the emissive properties has recently been under investigation and
debated in the literature.9,30,34

O
Figure 1.3 Diagram of the keto defect
Upon exposure to UV light in the presence of oxygen, it is possible for the
polymer to photo-oxidize and the keto defect concentration to increase. This
drastically affects the emissive properties of the polymer. The energy of the
emission contributed to the keto defect is 2.3 eV, and the intensity of the peak
increases with temperature suggesting a thermally activated charge migration
process. From PL measurements on spin-cast films, the thickness of the film
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also has an effect on the intensity of the defect emission. The lifetime of this
transition has been determined to be about 300 ps.35
Since the keto defect is polar, when the PF is dissolved in a high polarity
solvent the defect emission is quenched. This has been shown by U. Sherff
et.al.9 and verified by M. Bowerman and D. Derendinger (MU optics class 2002)
by looking at the PL of dilute solutions in toluene and dichloromethane. The
strong bonding of the solvent to the PF molecules will also affect the properties of
drop cast film at room temperature. A film drop cast from toluene has a hard
glassy nature whereas when cast from dichloromethane the film is soft and easily
manipulated, indicative of an alteration of the Tg due to the solvent interacting
with the polymer chains.

Currently the defect emission, and therefore the

sensitivity of PF to oxidation, is limiting its application in devices. The defect
emission has been shown to increase rapidly in electro-luminescent devices
operating in air; which once again changes the emission from the desired blue to
a green color.9 The role of solvent quenching and a detailed understanding of
the impact the defect has on the emissive properties will be very important for
device applications.

If the effect of the defects could be quenched after

synthesis, less time will be required to ensure the very high purity standards now
required. Another important detail yet to be answered is the effect of the solvent
quenching on the rate of photo-oxidization of the film and the creation of new
defect sites.
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PF 2/6 poly [9,9-bis(2-ethylhexyl)fluorene-2,7-diyl]
This is the variety of the PF family that has been most thoroughly investigated
by our group.34 The name PF 2/6 is a short hand notation assigned to make
communication easier by noting the side chain substitution, in this case
ethylhexyl. The sample details are listed in Figure 1.4.

Mn =

83500
g/mol

Mw =

162500

Mw/Mn ratio

~2

Tg

80 °C

TCr-LC

167 °C

Tm

250 °C

Figure 1.4 The monomer unit for poly [9,9-bis(2-ethylhexyl)fluorene-2,7-diyl], the
molecular weight, and thermal transitions for the sample that we have
investigated.
PF2/6 forms planar monomer units but has a torsional degree of freedom
between adjacent monomer units. The torsional freedom in PF2/6 makes the
structure an intermediate case between non-planar oligophenyls and planar mLPPP.

PF 2/6 is semi-crystalline at room temperature with the Tg of the

amorphous component at 80 °C, and a crystalline to nematic liquid crystalline
phase transition at 167 °C (reverse transition at 132 °C upon cooling).36 The
molecules have been shown to form a C5 helical conformation at room
temperature.36

Due to the branched alkyl side groups this material is not

expected to easily form a beta phase, however it has been shown that with
solvent treatment and thermo cycling a highly aligned state can be achieved.9
9

The surface morphology of the PF2/6 powder was investigated using a field
emission scanning electron microscope (FESEM). An accelerating voltage of 5
keV with a current of 10 micro-amps was used to minimize electron damage to
the sample. As a result of the synthesis and purification, the PF2/6 was provided
to us in a meta-stable glassy state, which appears fibrous and is somewhat soft
to the touch, Figure 1.5 top. Upon heating above the liquid crystal transition the
surface morphology changes significantly. The fibers that were initially apparent
are now gone and the surface of the polymer appears much smoother, Figure 1.5
lower panel. Three sets of samples were prepared to ensure no problems with
coating materials. One sample was examined as prepared and the others were
coated with a thin layer carbon and platinum. The coating is usually necessary
when imaging semi-conducting or insulating materials to remove the surface
charge on the sample to prevent anomalous images.
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Figure 1.5

SEM image of as prepared PF2/6 in the glassy state (top panel)
and after heating to 450 K (bottom panel).
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PF 1112 poly [9,9-bis(3,7,11-trimethyldodecyl)fluorene-2,7-diyl]
We worked with two different versions of this polymer; the very low defect
concentration dialkylated homopolymer and a copolymer where a 2% (2,7fluorenone) concentration has been incorporated, figure 1.6.

The copolymer

serves as a model for photodegeneration-induced defect-rich PF. This model
was necessary to prove that the origin of the 2.3 eV emission was due to the
defect and not to an aggregate emission due to the close proximity of the
adjacent molecules or side groups.
PF 1112 is a branched dialkylated PF similar to PF 2/6.

Both exhibit a

nematic liquid crystalline phase and have different crystalline nature at room
temperature. This allows a very nice comparison between the materials.

copolymer n= 98%, m=2%
Mn =

56000 g/mol

Mw =

120000 g/mol

Mw/Mn ratio

~2.2

Tg
TCr-LC

Not Yet
Determined
amorphous

homopolymer n=100%
Mn =

90000 g/mol

Mw =

200000 g/mol

Mw/Mn ratio

~2.2

Tg

68 °C

TCr-LC

amorphous

Figure 1.6 poly [9,9-bis(3,7,11-trimethyldodecyl)fluorene-2,7-diyl] or
poly [9,9-bis(hexahydrofarnesyl)fluorene-2,7-diyl]
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A DSC measurement has not yet been recorded for the copolymer but it is
expected that the glass rubber transition temperatures should be similar to (or
slightly higher than) the homopolymer. This material is fully amorphous at room
temperature, but also forms some extended ordered phases that are frozen at Tg.
Due to the non-crystalline nature of the material, liquid crystalline phase
transitions are not detectable using DSC.
PF Ethylhexoxy poly [9,9-bis(4-(2-ethylhexoxy)phenyl)fluorene-2,7-diyl]
This is the most recently synthesized of all of these samples. Due to the
phenyl rings in the side group, some nice comparisons can be made to mLPPP
and other hex side group polymers. As synthesized this sample inherently has a
very low keto defect concentration; once again to confirm the role the defect sites
and side groups play in the emissive properties. The DSC for this material has
not yet been recorded therefore no information about the phase transitions is
available.

Mn =

Mw =
Mw/Mn ratio
Tg

TCr-LC

209000
g/mol
456000
g/mol
~2.2
Not Yet
Determined
Not Yet
Determined

Figure 1.7 poly [9,9-bis(4-(2-ethylhexoxy)phenyl)fluorene-2,7-diyl]
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2 Experimental Methods
2.1 The Diamond Anvil Cell and High Pressure Physics
Experimental work in high pressure physics was initiated in the late 1940s
and increased rapidly over the next two decades peaking during the early 1970’s.
Early in the development of the field the study of crystallography and phase
transitions in metals fueled the development of tools needed for high pressure
work.

A key researcher that developed and patented many of the first high

pressure experimental devices was H. Tracy Hall.1

A detailed review of the

history and landmarks of the field is presented by Tracy Hall in chapter 2 of High
Pressure Techniques.2 The Tracy Hall Foundation maintains an online database
of high pressure research and the developments in the field.3
Many of the early designs of pressure devices required large pistons or
multiple anvils to develop the hydrostatic pressures. In 1973 Leo Merrill and
William Bassett published a review of a new “Miniature diamond anvil pressure
cell for single crystal x-ray diffraction studies.”4 The newly developed pressure
cell could be held in the palm of one hand and is highly permeable to x-rays due
to the choice of construction materials beryllium. One of the limitations of the
older designs for x-ray studies was the angle of accessibility through the cell.
With the proper gasket material the newly designed pressure cell had an angle of
accessibility of approximately 55o.4 This design enigma coupled to the advances
on the application of fluids and gases as pressure mediums allowed the rapid
development of numerous experimental techniques. After just a few years of
development Tracy Hall commented, “…there are as many variations on the MB
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design as there are high pressure researchers.”2 For a more thorough review of
the history and application of the diamond anvil cell I recommend the works of A.
Jayaraman,5,6 W.C. Moss, and K.A. Goettel.7 Several former students of both Dr.
Meera Chandrasekhar and Dr. H.R. Chandrasekhar include overviews of the use
of the diamond anvil cell in their thesis work: Dr. Uma Devi Venkateswaran, Dr.
Mark Boley, Dr. Rockwell, and Dr. Q. Cai.
The basic construction of the Merrill-Basset diamond anvil cell (DAC) is two
parallel triangular shaped beryllium copper plates, approximately 3.5 cm on each
side, that contain the anvils with bolts located at the apexes to adjust the
pressure, Figure 2.1.

Figure 2.1 Photograph of a Merrill-Basset type diamond anvil cell. The base of
the diamond mounting plates can be seen in the center of the cell and the base
of a diamond is visible at the center of the DAC.
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Since pressure is force divided by area, a modest force exerted by the plates
creates extreme pressures between the small faces of the two diamonds. Force
applied by the bolts changes the pressure developed between the diamonds and
therefore also in the center of the sample chamber, Figure 2.2. There are three
spring loaded cams that are adjacent to the bolts to help stabilize the plates as
the pressure is tuned. The flat plates and other components of the cell must be
very stiff or they will distort excessively at high pressures. To minimize this each
part of the DAC is machined from a solid beryllium copper and then heat
tempered to harden the metal.

Sample
Chamber
Gasket

Figure 2.2 Detail of the pressure chamber of a Merrill-Bassett diamond anvil
cell showing the pair of diamonds, the gasket, and the sample chamber.

Diamond is an ideal material for the construction of high pressure anvils due
to its hardness and optical clarity even under high uni-axial stress. Since the
upper pressure limit of the cell is governed by the structural failure of the

19

diamonds, anvils are created using top quality gem stones with the culet cut short
and polished. In the diamond trade associated with this class of stone there are
two designations; type I and type II referring to differences in the high energy
absorption spectrum of the stones governed by the impurity content of the carbon
lattice.

For optical applications such as absorption measurements the much

more rare and expensive type II diamonds are preferred due to their smooth
absorption spectrum that does not change as drastically as type I with applied
uni-axial stress.

This is complicated by yet another sub-classification of the

diamonds into; type Ia (larger aggregates of nitrogen impurities), type Ib (single
nitrogen dopants), type IIa (considered pure), and type IIb (including boron
impurities).
The before cutting, the diamonds must be selected to minimize the
luminescence of the anvil. If the diamonds have an inherent fluorescence it will
interfere with photo-luminescence measurements taken inside the cell under
pressure. Very pure high grade diamonds are transparent to visible radiation and
do not typically have any or very little fluorescence, but due to impurities some
stones will fluoresce under UV light. Since the 333 nm line from the argon ion
laser is the highest energy excitation typically used in the lab it is convenient for
checking the diamonds for photo-luminescent emission. A second criterion used
to judge the quality of the diamonds is to look at the intensity and symmetry of
the second order Raman signal in comparison to the intensity of the
fluorescence. A better anvil will have florescence that is lower than the intensity

20

of the Raman peak. A stone with lower internal stress will have a more narrow
Raman line shape and lower birefringence.
The cut of the diamond and the alignment of the crystal axis will impact the
structural integrity of the resulting anvil. As a rule of thumb the more facets the
better, but as the number of facets increases so does the cost.

Anvils are

available with as few as 8 facets and as many as 32, which is highly suggested
by diamond merchants such as George Kaplan of Lazare Kaplan Diamonds
(LKI). The culet of the diamond can either be cut flat to within ¼ λ or beveled by
cutting a 1.5o relief around the edge of the stone reducing the effective diameter
of the culet to 1/3 the original size. Beveled diamonds have the benefits of less
susceptibility to chipping or scratching on the culet during alignment and allowing
the cells to operate at much higher pressures without destroying the diamonds.
The beveling of the culet improves the distribution of the stress along the faces of
the anvil but greatly reduces the ease of alignment.
Any flaw in the diamond will result in premature failure of the anvil. This
includes surface defects and inclusions (carbon dislocations in the lattice) in the
stone. To increase the long term survival of the anvil, the diamond lattice should
have very low internal stress.

Great care must be taken while loading and

working with the DAC to prevent damage to the anvils. With proper care, the
alignment of the cell, the gasket material, and the pressure medium will dictate
the maximum obtainable pressure and not the failure of the anvils.
The seats of the DAC are fabricated out of a disk of the same tempered 2%
beryllium copper as the flat plates to prevent the anvils from being depressed
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deeply into the seat, figure 2.3. As the diamond sinks too far into the seat, the
alignment of the cell will fail at high pressures. Since each stone will impress on
the bottom of the seat, each seat is a one time use item. Each mount must be
custom machined to accept the specific diamond. The mounting chamber is
drilled a few microns larger than the diameter of diamond to allow for thermal
expansion of the diamond, but snug enough to prevent the mounting epoxy from
seeping to the bottom of the mount. The mounting chamber is cut to the depth of
the girdle of the diamond. To allow optical access through the anvil a 30o cone is
drilled from the back side.

Figure 2.3 Photographs of the anvil seats in various stages of preparation; on
the left is the seat blanks, the center panel has the chamber machined to accept
the diamond, and the panel to the right shows the diamond ready for epoxy to
hold it in place.

The diamonds are held in the seat using a two part epoxy manufactured by
Cummings called Stycast that has a high thermal conductivity. This epoxy base
is mixed with about 7% catalyst by weight, but the required catalyst changes as
the base ages. Care should be taken not to let any of the epoxy seep under the
girdle of the diamond, greatly hampering any attempt to remove the set diamond
at a later date, and to keep the top portion of the diamond clear, Figure 2.4. The
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seats are mounted into the flats of a cell and a small metal tube is used to press
and hold the table of the diamonds firmly against the seats while the epoxy sets.
Stycast is soluble in ethanol but extended time and elevated temperatures can
be required to remove the diamonds.

Figure 2.4 Photograph of the diamond epoxied into a seat

Once mounted, the anvils must be aligned relative to one another for the
preservation of the structural integrity of the diamonds under high uni-axial
stress. The perfect alignment of the cell is less important at lower pressures than
at pressures above about 40 kbar where the anvils are more prone to crushing.
The alignment of the diamonds is affected in two ways; parallelism and two-
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dimensional translation of one of the diamonds. The parallelism of the diamonds
is controlled by the three apex pressure application bolts on the cell.

The

translation is controlled by three small set screws in base of the cell.

The

alignment of the cell should be verified each time the cell is closed bringing the
diamonds in contact and applying pressure.
Before initiating the alignment procedure make sure that both of the diamond
seats are fully seated in the plates.

A small stainless steel tube, the same

diameter of the seat that allows clearance of the diamond in the center, is used
between the seats to press them firmly into the mounts. The small set screws
that hold the seats in place should be very snug. The preliminary alignment of
the top seat should center the diamond in the plate, there is a tool specifically
designed for this task. Any time the set screws are loosened, the seats should
be reseated in the plate using the stainless tube.
The initial step in any procedure involving bringing the diamonds into contact
is to clean and inspect the culet of both anvils. The surface of the diamond
should be kept very clean through every step of the procedure of loading and
aligning the cell. Lens paper and ethanol or acetone typically works very well for
cleaning organic and other debris from the surface. If there is metal or other
gasket material adhered to the diamond it can be cleaned off using polishing grit
and a jewelers polishing pad or very carefully scraped off using a scalpel under a
microscope. If there is question about a defect on the surface of the stone get a
second opinion before continuing or applying pressure in the cell.

When

assembling the DAC bring both plates close together by slowly turning the three
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bolts the same amount by hand. When the gap between the diamonds appears
to be very small and uniform from the side, place the cell under the microscope
to view through the cell and continue uniformly tightening the bolts by hand,
Figure 2.5. Fringes formed between the cutlets should be visible. The width of
the fringes indicate the degree of parallelism: wide uniform fringes indicate the
culets are almost parallel and narrow sharp fringes indicate a larger angle
between the faces. If you can’t see any fringes apply pressure at each apex bolt
one at a time to see if the fringes created in each case are similar; if so then
slowly tighten each bolt a bit further until fringes are observed. The goal here is
to adjust the apex bolts to remove all of the fringes from view; as the parallelism
of the diamonds is perfected the fringes will get wider and then eventually
disappear. If beveled diamonds are used in the cell there will be circular fringes
surrounding the parallel flat faces.
Once the diamonds are parallel the spatial alignment of the pair must be
checked by viewing from the side, Figure 2.5.

View the lateral positions of the

two diamonds from each of the three sides to check alignment. To fine tune the
position of the adjustable diamond the three sets screws can be adjusted. Most
of the adjustments will be tightening in small increments with loosing of the bolts
being avoided. The required changes are usually very small and with practice
the cell can be fully aligned in one hour.
When aligning the diamonds extreme care must be utilized to prevent one
diamond from diving into the face of the other creating a defect that could end the
life of the anvil. Each time the cell is opened and reassembled you need to clean
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and inspect the diamonds again very carefully.

When the diamonds are in

contact even a modest shock can damage one of the anvils, therefore great care
must be utilized when handling the cell.

Figure 2.5 View from the side of the cell under the microscope to verify
alignment of the diamonds.
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There are some typical problems encountered when aligning the cells
especially if the anvils are not perfectly matched. If one of the anvils have been
repaired it is likely that that culet is larger or even cut into a slight oval shape and
then the center of the diamonds should be aligned.

When working with

mismatched anvils the maximum pressure of the cell is reduced and the gasket
should be watched more carefully for failure since the diamonds will indent the
gasket at different rates on each side.

Beveled diamonds present a special

challenge during alignment since the actual culet is greatly reduced in size and
there is a small gap at the edges of the diamonds.
Once the final alignment has been achieved the thickness of the cell needs to
be measured at the three apex bolts of the cell. Noting these distances ensures
the surfaces of the culets can be kept parallel during use. When determining
these apex distances it is convenient to make a mark at the spot on the apex to
denote the exact position of the micrometer to allow reproducibility. Each corner
is numbered on the top plate of the cell. Care should also be taken not to apply
any force to the plates with the micrometer skewing the results.
The gasket material that I used was stainless steel shim stock .01 inches
(~250 microns) thick but many different types of metal have been used in the
past including heat treated inconel steel. The roll of shim stock is first sheered
off the roll into ~1 cm strips that then are punched into discs that are about .9 cm
in diameter forming the rough gaskets, Figure 2.6.

For the punch to work

efficiently and to extend the life of the tool, the steel needs to be coated with a
thin layer of machine oil. Once stamped the two alignment holes are drilled
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through the gasket using cobalt twist drill bits and a micro drill press. The gasket
is held in place by a custom jig that has guide holes that match the positioning of
the guide pins on the lower DAC seat. After the alignment holes are drilled the
gaskets are cleaned first with acetone and then with methanol in an ultrasonic
bath to completely remove all traces of the oil.

Figure 2.6 Photograph of the required tooling for producing the DAC gaskets.

To harden the steel in the area between the diamonds the gaskets are precompressed to work harden the steel. When pressing the gaskets it is very
important to keep the diamonds clean and parallel as the force is exerted. The
apex bolts are tightened until the distances are about 0.1 mm below the parallel
distance determined during previous alignment procedure. There is a slight flex
to the plates as the tension is increased on the bolts so care must be taken not to
over tighten the bolts. After releasing the pressure and removing the pressed
gasket the thickness inside the depression is measured using specially made
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caps that fit the micrometer. The thickness of the gasket will affect the maximum
pressure the cell can experience without gasket failure. A thinner gasket will
raise the maximum pressure obtainable with the cell by reducing the risk of
deformation of the sample chamber, where as a thicker gaskets is much easier to
load and there is greater volume within the sample chamber.

At higher

pressures the thicker gaskets tend to deform more readily into an oval shape as
one side of the pressure chamber translates relative to the other. As the gaskets
are pressed the top of each gasket should be labeled and the thickness
recorded.

Figure 2.7 Pressing the gasket to work harden the material forming the pressure
chamber.

The sample camber may be formed in the center of the gasket by drilling by
hand or by electro spark vaporization. The Physics Department machine shop
has the tooling to blast a hole in the approximately in the center that is about 6070 micrometers in diameter.

This hole can then be enlarged to the desired
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diameter, about 125 microns in diameter or at most about 1/3 the diameter of the
culet of the anvil. About 30% of the holes that the machine shop blasts in the
gaskets are located close enough to the center of the gasket to be of use, the
rest are too close to the edge of the gasket to be of use. The edge of the
pressure chamber can be beveled and rounded to increase the life of the gasket
and extend the maximum pressure obtainable. There is an aluminum jig for
holding the gasket in place while working on the gasket/sample chamber under
the microscope, Figure 2.8.

The gasket is ready for use when the sample

chamber is centered, circular in shape, of the proper diameter, there are no metal
burrs, and all of the machine oil has been removed by ultrasonic cleaning.

Figure 2.8 Tooling necessary for the preparation of the sample chamber in the
gasket. On the left is an assortment of micro-drills and on the right is a block for
mounting the gasket while working on the chamber.

When using a cryogenic liquid pressure medium, indium gaskets are
necessary to act as a seal to form the vacuum chamber around the diamonds.
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This is the chamber that is flushed with argon at liquid nitrogen temperatures to
fill the cell with liquid argon. The gaskets are extruded using a ring press by the
physics machine shop using pure indium. The material is not altered during use
and can be endlessly recycled. The very soft gasket is pressed by hand into
channels in the plates of the pressure cell and a new gasket is required each
time the cell is loaded.
The vacuum chamber around the diamonds is formed by a stainless steel
cylinder with a small capillary tube allowing attachment to a vacuum pump/filling
system, figure 2.9. The cylinder is held securely in place by an aluminum plate
adhered to the DAC with tacky lab wax, which serves to hold the components in
place as the cell is loaded. The height of the cylinder is determined by the sum
of the height of diamonds above the seats plus 100 microns. Due to the height
requirements/constraints these parts might not be interchangeable between
different pressure cells. The seal between the cylinder and the pressure cell is
maintained by the indium dam and the epoxy around the anvils.

Figure 2.9 Photograph of the bottom plate of the DAC including the aluminum
plate, the vacuum chamber, and the capillary filling tube.
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While loading the liquid argon, the temperature of the cell and the argon is
monitored by using a thermocouple and a volt meter.

The Thermocouple

junction (copper and constantan wires) is attached to the side of the vacuum
chamber and the aluminum plate using tacky wax.
The sample is now ready to be added to the pressure chamber. The sample
needs to be sufficiently thin so that it does not contact the diamonds at high
pressure, 20-45 microns in each direction is a good starting point. The sample
can be either a single crystal, bulk powder or a thin film. Loading thin films has
proven to be very difficult in the past. The films can be deposited on the surface
of the diamond by drop-casting or by thermal evaporation onto the anvil. After
forming the film the outer edge of the sample is removed from the anvil so that
the gasket can seal properly. One problem with loading films is that due to
differing thermal expansion coefficients of the material and the diamond the film
breaks free of the diamond allowing the sample to escape from the pressure
chamber. It is often difficult to verify the presence of the film under a visible light
microscope as the cell is loaded. Once loaded it is desirable that the film be free
floating in the sample chamber, if the film did not break free of the surface after
loading the sample might not experience truly hydrostatic pressure.
A small chip of ruby is also placed into the sample chamber allowing the
determination of the pressure inside the cell. The ruby and the sample are very
small and the electrostatic attraction/repulsion can make placing both of them
into the small sample chamber very challenging. The pressure inside the cell is
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determined by comparing the energy of the luminescence of the ruby inside to a
small chip mounted on the base of the seat.
With the sample and ruby in place the top plate of the cell is slid carefully onto
the alignment pins. The bolts with lock washers are carefully turned by hand to
bring the diamonds close to the parallel distance. The thickness of the cell must
be monitored at the three apex bolts as the faces of the anvils are brought to
parallel. The pressure chamber needs to remain open enough to allow the liquid
argon to enter the cell. If there is too much clearance the sample or the ruby can
escape from the pressure chamber as the argon floods into the cell. The proper
distance is determined by summing the parallel distance + the thickness of the
gasket + ~ 150 microns. This should compress the indium and seal the vacuum
chamber yet allow the flow of gas into the pressure chamber. The presence of
the sample and ruby should be confirmed after each manipulation of the cell.
The cell is now clamped into the filling tray to allow cooling by a puddle of
liquid nitrogen. Good thermal contact between the cell and the aluminum tray
makes the loading process move much more quickly.

The capillary tube is

attached to the vacuum system and the cell is evacuated.

To remove any

contaminates in the sample chamber, especially water, it is often necessary to
flush the cell with dry nitrogen several times between long periods of pumping on
the vacuum.

The pressure of the filling system should be brought to above

atmospheric pressure with pre-purified nitrogen and held for five to ten minutes to
thoroughly flush the system.
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The temperature of the cell should be continuously monitored as the cell
cools and approaches the freezing point of the argon of 84 K. After the initial
cooling of the cell the argon is added to the pressure chamber. When adding the
argon to the cell the pressure of the system should be kept above one
atmosphere in pressure. As the cell is cooled and the argon condenses into
liquid more gas must be added to keep the pressure constant. One problem with
this filling technique is if the temperature of the capillary tube is too low the argon
will solidify in the tube obstructing the flow. This is mediated by continuously
warming the gas and capillary with a soldering iron as the gas fills the vacuum
chamber.
As the liquid argon fills the pressure chamber a meniscus should be briefly
visible. The position of the sample and the ruby should be monitored in the
sample chamber as the cell is filled with the argon.

The ruby or samples,

especially film samples, are often lost at this step in the loading procedure.
Usually by the time the liquid argon fills the sample chamber the view through the
cell is obscured by ice formation on the top of the cell.
Once the cell is filled with liquid argon the bolts can be uniformly tightened
while the cell is cold to trap the liquid inside. The cell can now be removed from
the liquid nitrogen bath and allowed to return slowly to room temperature. Once
the cell is warm the gasket and samples should be examined under the
microscope. The gasket should have a round hole in it and will appear to be
between 15-25% smaller that the initial sample chamber.

If the gasket and

samples survived the loading process the parallelism is corrected on the cell by
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measuring the thickness at the three apex bolts. By tightening any of the bolts
the pressure inside of the cell is increased, if this causes the gasket to collapse
closed then there was no argon in the cell and the loading process will have to be
repeated. The amount of pressure and the hydrostatic nature of the cell should
also be determined using the florescence from the ruby in the sample chamber.
The role of the pressure medium inside of the sample chamber is to transform
the uni-axial compression of the diamonds into a hydrostatic pressure
environment for the samples. Some researchers prefer the use of a cocktail of
ethanol and methanol as the pressure medium. The main advantage to this
pressure medium is the ease of loading the cell and some of the major
disadvantages are sample solvent interaction. For organic polymers samples the
inert nature and the useable pressure range of the argon medium is preferred.
Argon, which condenses into a liquid at 87 K and freezes at 84 K at 1
atmosphere, freezes at 12 kbar but retains hydrostatic pressures inside the
sample chamber up to about 90 kbar.
In practice the upper pressure limits of a specific cell is determined by the
size/shape of the diamonds, the condition of the gasket and the solidification
point of the pressure medium. The smaller the cutlet of the diamonds the higher
the developed pressure will be for a given uni-axial compression of the
diamonds. The thickness and the diameter of the sample chamber will affect the
response of the gasket to the applied pressure.
Once the cell is loaded it is fairly stable and can be handled carefully. At
moderate pressures it can sit for more than a year and not have any problems

35

with the gasket that result in the loss of pressure. At low and very high pressures
there is a risk of the gasket failing resulting in a loss of pressure. When the cell
is under pressure the diamonds experience a large uni-axial stress. Even though
diamond is very hard, a shock to a diamond under strain can result in a crushed
diamond. Care should be taken not to drop or shock the cell during handling.
Typically a pressure cell can be cycled from low to high pressure several
times before the gasket begins to fail. As the gasket fails the cylindrical sample
chamber slowly crushes shut. Looking through the cell, the sample chamber will
look oval in shape as it slowly closes. It is normal for the sample chamber to
reduce in volume as the pressure is increased. This occurs as the gasket is
extruded out from between the culets reducing the thickness of the gasket and
the diameter of the sample chamber. To help prevent deformation of the gasket
the tension on each of the three bolts should be increased uniformly. If the
sample is too thick or after being at higher pressures the gasket is too thin the
sample can experience uni-axial stress as it is crushed between the diamonds.
This condition can be detected by an asymmetry in the fluorescence signal from
the ruby.
During the loading of the pressure cell a small chip of ruby is included in the
sample chamber. The pressure inside the cell is determined by comparing the
energy of the luminescence of the ruby inside to a small chip mounted on the
base of the seat.

Forman et al.8 determined that the very strong R line

fluorescence from ruby, at 694.2 nm and 6928 nm, shifted linearly up to 300 kbar
with increasing pressure and could be used for pressure calibration. The rate of
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the shift used for pressure calibration is -0.753 cm-1/kbar. The relative intensity
of the two R lines are sensitive to the temperature and the line width is sensitive
to the hydrostatic environment, since the R lines shift with pressure the line
widths are connected to the uniformity of the pressure environment.
Measurement of the outside ruby before each Raman measurement also
ensures that the calibration of the spectrometer is consistent from one day to the
next.
As the temperature of the cell changes the pressure developed within the
sample chamber is not constant. This is due to differences in the rate of thermal
contraction of the components of the cell as it is cooled. This behavior is much
more pronounced at pressures less than 10 kbar, where upon cooling form room
temperature to 11 K the pressure change can be as great as seven to ten kbar.
If the cell has already experienced high pressure or if the gasket was initially very
thin, the pressure change upon cooling is larger. At higher pressures there is a
larger static pressure on the components of the cell and the thermal contraction
has less of an impact on the pressure. At 40 kbar the change in pressure as the
cell is cooled to 11K is less than 2 kbar.
With the extensive help of the Physics department machine shop, the highpressure optics group led by Meera and H.R. Chandrasekhar has made
numerous modifications and refinements to the DAC design that we use.
Alignment pins and the precision fit of the mechanical parts results in a superior
research tool.

Many of the specialized tools necessary for the alignment and

use of the cell were developed in house by the specialist in the machine shop.
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These specialized tools include tools for; centering and seating the diamond
seats aiding alignment, hardware for the fabrication of gaskets, and the
necessary vacuum connections for filling the cells.

2.2 Raman Spectroscopy
Raman spectroscopy is a measurement of the vibrational modes of a material
using the change of frequency of scattered light.9,10 Most photons incident onto a
surface are scattered elastically or Rayleigh scattered. A small fraction of the
incident photons can be inelastically scattered or Raman scattered with a shifted
frequency that is shifted by an integer multiple of a normal mode of oscillation of
the material or phonon. The frequency of the Raman shift is very sensitive to
structural phase transitions and configuration changes of molecules and crystals.
If the emerging photon is lowered in energy then it is called Stokes scattering and
if the resulting photon is of higher energy it is anti-Stokes scattering. The antiStokes scattered is much weaker than the Stokes component due to thermal
population of the vibrational states. During Raman measurements the Rayleigh
scattered component must be eliminated to allow the much weaker Raman signal
to be detected.
The incident laser excitation should be close to, but not above, the band gap
of the material being studied to avoid luminescence background. If the energy of
the incident laser approaches the band gap of the material being studied there is
a large resonant enhancement of the Raman scattering.
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The Raman spectra were collected using a modified Spex Triplemate
spectrometer.

The two stage notch filter assembly was bypassed using two

lenses and two mirrors effectively utilizing the final stage of the spectrometer.
The benefit to bypassing the filter stage was increased throughput; the down side
was an increased sensitivity to the alignment of the optical system. This model
of spectrometer has toroidal shaped mirrors in the last stage that help to
minimize edge of the grating losses and direct more of the light along the optic
axis. A holographic super notch filter was utilized just before the entrance slit of
the spectrometer to block the elastically scattered light.
The laser beam path between the laser and the sample consists of some
beam steering mirrors, alignment apertures, a laser plasma line filter and
focusing lenses. The laser with incident intensity of about 10-20 mW is focused
onto the sample directly in front of the entrance slit of the spectrometer.
The pressure cell is attached to a custom made tailpiece at the end of the
cryostat. The cryostat has optical access through all 4 sides and the end and is
mounted on a 3-axis rotating table to allow alignment of the sample.

The

temperature of the sample is determined by either a thermal resistor or a
thermocouple embedded in the tailpiece a couple of centimeters away from the
sample.

This distance is not usually a problem due to the high thermal

conductivity of all of the components of the cryostat DAC system.

The

temperature of the system is controlled by Lakeshore thermal control unit driving
a thin foil heater attached to the tailpiece.
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2.3 Absorption
As photons travel through a material it can be either transmitted, scattered, or
absorbed. Absorption occurs when a photon has more than the required energy
to promote an electron from the valence band to the conduction band, i.e. when
the energy is greater than the band gap. The quantity of the photons transmitted
by materials follows the Beer-Lambert law;
I=Ioe-αt,
where I is the transmitted intensity, Io is the incident photon flux, t is the thickness
of the material and α is the absorption coefficient. The quantity optical density is
often cited if the thickness of the sample is not known. The absorption coefficient
molecules in solution can easily be accomplished using a UV/VIS spectrometer
and a standard cuvette at a known concentration.
Absorption spectra were recorded as a function of applied pressure using an
Ocean

Optics

PC2000

Spectrometer

with

25-micron

slits

and

a

deuterium/halogen light source. A custom mount was fabricated to reproducibly
position the pressure cell between the light source and the Ocean Optics
Spectrometer.

2.4 Photoluminescence
Photo-excitation of an electron from the valence to the conduction band
occurs when a photon of energy greater than the band gap is absorbed by a
material. Once an electron is promoted from the valence to the conduction band,
creating an electron hole pair, within a given period of time it will recombine with
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the hole and return to the lower energy state. The process of this transition can
result in the emission of a photon to conserve total energy or through other nonradiative paths such as multi-phonon processes.

The radiative emission is

photoluminescence (PL) and the emitted photon has the energy remaining from
the band to band transition.
The PL from many materials exhibit a progression of emissions called
vibronic replicas. The main band to band transition is from the bottom of the
conduction band to the top of the valence band but other transitions involving
phonons or other vibrational modes are possible.

The vibronic replicas are

visible due to a coupling of the backbone vibrations to the electronic transitions.
The vibronic peaks result from a non-zero overlap of the different vibronic wavefunctions of the electronic ground and excited states. The transition highest in
energy is the 0-0 transition between the zeroth vibronic levels of the excited state
and the zeroth vibronic in the ground state. The 0-1 and 0-2 are transitions
between the zeroth vibronic levels of the excited state and the first and second
vibronic levels of the ground state, resulting in the creation of phonons. The
intensity of the progression of vibronic replicas is determined by the population of
the higher levels which is dictated by a Boltzmann distribution
For PL measurements the magnitude of the band-gap determines the energy
required for excitation. Some of the narrow band semiconductors like GaAs can
be excited using the 514.5nm line from a visible Ar+ laser.

Wide band-gap

semiconductors require a ultraviolet light such as the 333nm or 351.1nm lines
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from an ultraviolet Ar+ ion laser. The incident laser intensity must be kept to a
minimum to reduce the risk of damaging the samples.
The PL emission is analyzed by energy using a spectrometer.

The

spectra were recorded with an Ocean Optics PC2000 Spectrometer with 25micron slits in a backscattering configuration. The Ocean Optics spectrometer
system is a modular multi-channel CCD system that is capable of recording
across the whole visible spectrum in one shot. The resolution of the instrument
is set at the factory and there are no user adjustable parts. The resolution of the
system is limited and determined by the pixel density of the CCD, the grating
spacing, the slit width and numerical aperture of the fiber used to couple into the
device.
The older high resolution Spex Model 1401 spectrometer was also used to
analyze the emission.

The PL was focused onto the entrance slit of the

spectrometer and a thermoelectrically cooled high-voltage photomultiplier tube
was used to record the intensity at each wavelength. A computer drive unit
coordinates the collection of the data using a photon counter to convert the
photo-current to a voltage as the spectrometer scans across the emission. The
spectrometer creates data files that are the intensity of the emission at each
specific wavelength. The main advantage of this spectrometer is the very high
resolution, but the time required for large broadband scans is a major
disadvantage.
For optical alignment and low temperature studies the DAC is mounted in a
cryostat very similar to the Raman setup.
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2.5 These Studies
For ambient pressure measurements the samples were loaded in a cryostat
that was evacuated to below 100 mTorr to prevent any photo-oxidative damage.
The low temperature measurements were conducted in a closed cycle helium
cryostat to allow precise control of the sample temperature.

The pressure

studies were conducted in a Merrill-Bassett DAC with cryogenically loaded argon
as the pressure medium.
The PL and Raman spectra were measured from a powder sample of PF,
which has both amorphous and crystalline components, while the absorption and
PL were measured from a film. The film was prepared by drop-casting PF2/6
dissolved in spectroscopic grade dichloromethane directly onto a quartz slide or
onto the surface of the bottom diamond of the DAC. While the film is loosely
attached to the diamond surface, it is not bonded onto it, and therefore
experiences hydrostatic pressure in the DAC.

All the Raman measurements

were carried out with a bulk (powder) sample. This was necessary because the
Raman signal from a film is very weak due to the drastically reduced scattering
volume.
The spectral data was analyzed using PeakFit and Origin to determine the
position, area, and full width at half max of all of the peaks. The results of the
numerical fits were then plotted for presentation using Origin.

2.6 Scanning Electron Microscopy
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Scanning electron images were collected at the University of Missouri
Electron Microscopy Center with the help of Dr. L. Ross using a field emission
scanning electron microscope (FESEM) under high vacuum operating at 5KeV.
The operating voltage was kept low to minimize the damage induced by the
electron beam.

To minimize surface charging anomalies, samples were

prepared with carbon and platinum coatings which allow the electron current to
quickly drain to ground.

The carbon coating was deposited using an arc

deposition 10 cm from the sample for 1 second creating a uniform coating over
the surface. Plasma deposition was utilized to coat the samples with 20 nm of
platinum. Comparison of the images collected shows that there are some minor
differences between the coated and uncoated samples. The platinum coating
seems to have melted some of the delicate structures while increasing the image
contrast of the bulk material. Due to the lower deposition temperature the carbon
coating seems to have affected the surface morphology less than the platinum. I
have shown that the conductivity of the bulk PF2/6 is high enough that coating is
not necessary to obtain high quality images.
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3 Experimental Results
3.1 Oligophenyls
In the oligophenyls, the hydrogen in the ortho-positions on adjacent rings
repel, causing the adjacent phenyl rings to twist.1 Since a twist in both directions
in equally probable, torsional oscillations can take place between the two
possible configurations, described by a W–shaped potential.2 The nature of the
torsional motion is determined by at least two influences: the intramolecular
repulsion between the ortho-hydrogen and the tendency towards planarization of
a π-electron system due to resonance interactions.3,4 Thus, due to the interacting
π-electron system the inter-ring angle decreases with increasing oligomer
length.4 The inter-ring angle of a given oligophenyl can be tuned by the
application of pressure or by the addition of dopants to the sample.5 Presented
here is a comparative low temperature study of the Raman modes in three
oligo(para-phenylene) materials (p-terphenyl, 3P;

p-quaterphenyl, 4P; and p-

hexaphenyl, 6P) under hydrostatic pressure of up to 80 kbar. The motivation of
this study is to investigate how the application of pressure and the planarization
process of oligophenyls of differing lengths impact the Raman spectra.
The Raman spectrum of oligophenyls has been described by several
authors6-13 and has been mainly characterized by four intense modes of Ag
symmetry for infinite chain molecules. The four modes investigated here are: the
C-H in-plane bend near 1220 cm-1, the inter-ring stretch near 1280 cm-1, and the
doublet arising from the aromatic ring stretch near 1600 cm-1, and a combination
mode of the 610 cm-1 and the 990 cm-1 modes near 1610 cm-1.5,11,13
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Spectroscopic indicators of the degree of non-planarity are found in the
intensity ratios and frequency separations of the 1280 cm-1 to the 1220 cm-1
modes14 and the 1610 cm-1 to the 1600 cm-1 modes.11,13,15 The logarithm of the
1280 cm-1 to the 1220 cm-1 intensity ratio has been found to be inversely
proportional to the number of π-conjugated phenyl rings in the polymer chain.16-18
In 300K pressure studies of 6P the decrease in the intensity ratio of the 1280 cm1

to the 1220 cm-1 mode provided evidence for planarization at ~ 15 kbar.14

These modes provide a clear indication of the planarity due to the change of
frequency of the ortho-hydrogen flex mode as the molecule is forced to a more
planar configuration. In addition to the intensity changes in the ratio of the 1220
to the 1280 cm-1 peak, there are also changes in the frequencies and in the
relative intensities of the 1600/1610 cm-1 modes as the oligophenyls become
more planar.15
The Raman spectra from the samples at 1 bar and high pressure are shown
in Figure 3.1. All modes shift to higher frequencies as the pressure increases. In
all samples the intensity of the 1280 cm-1 mode relative to the 1220 cm-1 mode
decreases rapidly as pressure is increased until it reaches a minimum in the
vicinity of 10 kbar, after which it increases again slowly. It is also evident that the
intensity of the 1610 cm-1 decreases relative to the 1600 cm-1.

Both initial

decreases in intensity are similar to the change seen as temperature is increased
from 10 to 300K in 6P as the molecule becomes on average more plainer.14 The
average inter-ring angle decreases with increasing temperature, from which the
activation energy within the W potential was found to be ~45 meV.14
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Figure 3.1 The three panels above show the 10K Raman spectra from 3P, 4P,
and 6P at approximately 4 and 55 kbar. The individual spectra have been shifted
vertically. The diamond peak at 1330 cm-1 has been removed for clarity.

The frequencies of the Raman modes as a function of pressure for all three
samples are shown in Figure 3.2. The most remarkable feature is the steep
increase in the frequency of the 1220 cm-1 mode at low pressures, at a rate
48

approximately five times that of the other three modes. This sharp increase
ceases abruptly around 10 kbar for all three samples, and the mode then
hardens at a rate somewhat slower than the other three modes (Table 3.1).
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Figure 3.2 The mode frequencies as a function of applied hydrostatic pressure
for 3P, 4P, and 6P
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3P
ω0 cm-1
dω/dP
1608 ± 1.5 0.42 ± 0.02
1596 ± 1
0.41 ± 0.02
1275 ± 2
0.42 ± 0.03
Pre- 1223 ± 3
1.9 ± 0.2
Post
1239 ± 2
0.27 ± 0.02
Pp
10 ± 1.5 kbar

4P
ω0 cm-1
dω/dP
1603 ± 1
0.40 ± 0.01
1592 ± 1
0.40 ± 0.01
1274 ± 1
0.48 ± 0.01
Pre- 1214 ± 1
2.6 ± 0.2
Post
1237 ± 1
0.27 ± 0.02
Pp
9 ± 2 kbar

6P
ω0 cm-1
dω/dP
1604 ± 1.5 0.44 ± 0.02
1596 ± 1
0.36 ± 0.02
1281 ± 1
0.50 ± 0.01
Pre- 1217 ± 1.5 1.8 ± 0.1
Post
1236 ± 1
0.32 ± 0.01
Pp
13 ± 1 kbar

Table 3.1 The pressure dependence of frequencies of the Raman modes for
each sample. Pre- refers to the data points below the planarization pressure and
post- refers to the data above the planarization pressure, Pp.
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In the low pressure range the rapid decrease in the inter-ring tilt angle affects
the frequency of this in-plane bend mode of the ortho-hydrogen more than the
other modes making it very sensitive to the degree of planarization. As the angle
becomes between adjacent phenyl rings becomes closer to zero (i.e. the
molecule becomes more planar) the frequency of the mode changes more
slowly. The planarization pressure, Pp, was determined by fitting separately the
low and high pressure data of the 1220 cm-1 mode to straight lines and
determining the pressure at which these fits intersect (Table 3.1).
Upon changing the conformation of PPP from a non-planar benzenoid form
to a fully planar quinoid conformation by doping, Marucci et. al.12 report an
upward shift in mode frequencies to 1240 cm-1 and 1330 cm-1 while the 1600 cm1

mode is not affected.12 By extrapolating the mode frequencies above Pp back

to 1 bar we can determine the inherent frequency of the 1220 cm-1 mode to be
between 1236 cm-1 and 1239 cm-1 in the more planar state for the three
oligophenyls, in good agreement with the 1240 cm-1 predicted for the fully planar
quinoid conformation. The impact of molecular planarization on the 1280 cm-1
mode is more difficult to determine since the diamond Raman line obscures any
peaks that might appear around 1330 cm-1. In any case, the 1280 cm-1 mode
does not harden toward the 1330 cm-1 in a manner similar to the 1220 cm-1
mode. Upon changing from the benzenoid to quinoid conformation the inter ring
C-C bond changes from a single to a double bond and therefore the bond length
shortens slightly, resulting in the hardening of the 1280 cm-1 mode to 1330 cm-1.
The change in conformation between benzenoid to quinoid requires a
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redistribution of the orbital electrons resulting in a polar molecule; therefore it is
unlikely that we are achieving this fully planar quinoid conformation by the
application of pressure alone.
While the 1600 cm-1 and 1610 cm-1 modes appear at first glance to shift
linearly through the entire pressure range, when we plot the frequency
differences as a function of pressure in Figure 3.3, we observe that that the
frequencies of these modes are affected by planarization as well. The torsional
freedom of the adjacent rings does not affect these modes as directly as it does
the C-H flex mode, nor is the effect of the same magnitude. While the 1280-1220
cm-1 difference changes by about 20 cm-1 for 3P and 4P and about 10 cm-1 for
6P in the pressure range below Pp, the difference between the 1610-1600 cm-1
modes changes by only about 1.5 to 2 cm-1 in 3P and 4P, and is unobservable in
6P due to poor signal to noise ratios in the original spectra. The 1610-1600 cm-1
doublet in all three oligophenyls is attributed to a Fermi dyad.11,13,19

A

combination band that arises from two B1 modes at ~610 cm-1 and ~990 cm-1
results in a mode of A symmetry that overlaps the fundamental aromatic C-C onring stretch modes of A symmetry, resulting in mixed modes of frequency ω+ and
ω- at ~1600 cm-1 and 1610 cm-1.

Heimel et. al.’s calculations can help shed light on these pressure
results.11,13 From a calculation of the mixing coefficients, they find that the mixing
between the fundamental and combination bands decreases with increasing
oligomer length.

This is caused by the increase in the energy separation

between the fundamental and combination modes, and the decrease of the

52

ω1280-ω1220

60

60

3P
10K

50

4P
10K

50

40

ω1610-ω1600

40
12

10 kbar

13

10

12

11

9 kbar

8

0

20

40

0

60

20

40

60

80

Pressure kbar

ω1280-ω1220

60

6P
10K

55

50

ω1610-ω1600

13 kbar
12.5
10.0

0

20

40

60

Pressure kbar
Figure 3.3 The difference in the energy between the 1280/1220 cm-1 and the
1610/1600 cm-1 Raman modes plotted as a function of applied hydrostatic
pressure for 3P, 4P, and 6P.
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interaction energy between the modes. Second, while both the fundamental and
combination modes contribute to the Raman intensities of ω+ and ω-, the
fundamental contributes the larger intensity to both peaks. Thus the peak with
the smaller intensity, ω+ (1610 mode), has a stronger component from the
combination band, and the ratio of intensities of ω+ and ω− is a direct measure of
the mixing of the modes. Third, in addition to the oligomer length, an additional
parameter that determines mode mixing and consequent intensity redistribution
is the inter-ring tilt angle. When one compares Raman spectra from a solution to
that of a solid, the intensity of ω+ decreases going from a solution to a solid, i.e.,
as the inter-ring angle decreases. The calculations also show that as the interring angle decreases the intensity ratio of ω+ to ω- decreases. Thus the mixing is
larger at a larger inter-ring angle, where the two resonating levels are close to
one another.

This decrease occurs for all oligomer lengths, although the

intensity ratio is higher at any given angle for 3P than it is for 6P. Fourth, the
separation between ω+ and ω- is dependent on the mixing and the interring tilt.
When the inter-ring tilt decreases, the mixing is reduced, and the separation
between ω+ and ω- decreases.
This set of pressure data probe both the effect of oligomer length and interring angle. At 1 bar, we observe that the ω+ - ω- (1610-1600 cm-1) separation and
their intensity ratio, I1610/I1600 decreases, as observed in previous studies7 with
increasing oligomer length.

As pressure is applied, the inter-ring angle

decreases, leading to a decrease in the separation between ω+ and ω- as shown
in Figure 3.3, and a simultaneous decrease in the intensity ratio of the two
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modes, I1610/I1600, Figure 3.4.

The minimum in ω+ - ω- occurs at the same

pressures as it does for the 1280-1220 cm-1 pair, namely the planarization
pressure, Pp.

When we compare the three oligomers, we find that ω+ - ω-

decreases from 13 to 11.5 cm-1 for 3P and from 12 to 9.7 cm-1 for 4P as we
increase pressure from 1 bar to Pp. In 6P, where the inter-ring angle is the
smallest at 1 bar, the decrease in ω+ - ω- is expected to be least, and due to
signal to noise problems in our spectra is difficult to observe experimentally. In
6P, the intensity of the 1610 cm-1 mode is only about 30% that of the 1600
appearing as a shoulder to that peak, making the error bars in the measurement
and the fits larger.
The planarization of the molecule is also accompanied by a decrease in
intermolecular separation.

The volume compressibility of the material is not

constant with pressure, nor is it isotropic.11 As the molecule becomes more
planar, the inter-chain separation decreases at a slower pace, which in turn
slows down the rate of increase of the C-H bend mode frequency. It is important
to note that abrupt changes in dω/dP commonly signal a structural phase change
in a material.

In this case, the changes are completely reversible.

The

frequencies and intensities of the modes recover their values with no hysteresis
as we repeatedly cycle through the planarization pressure.

55

1.0
0.9

3P
0.8

I1610/I1600

I1610/I1600

4P

0.7

0.6

0.7
0.6

0.5
0

20

40

60

0

Pressure kbar

20

40

60

80

100

Pressure kbar

0.33
6P

I1610/I1600

0.30

0.27

0.24

0.21
0

20

40

60

Pressure kbar

Figure 3.4 The ratio of the intensities of the 1610/1600 cm-1 Raman modes as a
function of applied hydrostatic pressure for 3P, 4P, and 6P at 10K.
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Using high pressure infrared spectroscopy, McCluskey et. al. have shown in
studies of 3P and 4P that several IR absorption peaks associated with the out-ofplane C-H bend mode disappear when the molecule planarizes.20,21

The

disappearance of the IR modes has been attributed to a change from a low
symmetry non-planar C2h configuration to a higher symmetry D2h of the molecule
when planarized. The changes in the symmetries were determined by group
theoretical analysis. McCluskey et.al. found 3P to planarize at slightly lower
pressures than our data indicates, between two and six kbar versus 10±1.5 kbar,
while 4P planarizes at 9±2 kbar.20,21 These differences may be attributed to the
sensitivity of various vibrational modes to the inter-ring tilt angle.
An examination of the ratio of the intensities of the 1280/1220 cm-1 modes in
all three materials shows an initial drop in intensity up to the planarization
pressure and a gradual increase thereafter, Figure 3.5. Above the planarization
pressure this intensity ratio remains fairly constant at a given pressure as we
scan the temperature from 15K to 300K, indicating that the relatively planarized
molecules remain mostly planar. This is a definite indication that the W-type
potential of the non-planar oligomer at 1 bar has collapsed to become a more Ushaped potential of a more planar configuration at higher pressures.

57

2.0

I1280/I1220

6.6

3P
10K

4P
10K

1.6

4.4

1.2

0.8

2.2

0

20

40

0

60

20

40

60

80

Pressure kbar
1 .2

6P
10K

0 .6

I

/I

1280 1220

0 .9

0 .3
0

20

40

60

P re s s u re k b a r
Figure 3.5 The ratio of the intensities of 1280/1220 cm-1 Raman modes as a
function of applied hydrostatic pressure for 3P, 4P, and 6P at 10K. The typical
error-bars are shown in each panel.
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3.2 Polyfluorene
3.2.1 Photoluminescence of Polyfluorene

The PL emission from PF 2/6 changes drastically as a function of pressure.
At ambient pressure, the π-(* (0-0) transition at about 2.9 eV dominates the emission,
creating a strong blue light. Figure 3.6 shows the PL spectra from two PF2/6 films (panel
(a) thick film, ~3000 nm; panel (b) thin film, ~100 nm) for a few selected values of
temperature. ,

The vibronic replicas are visible in the PL spectra due to a coupling of

the backbone carbon-carbon stretch vibrations to the electronic transitions. The vibronic
peaks result from a non-zero overlap of the different vibronic wave-functions of the
electronic ground and excited states. The transition highest in energy is the 0-0 transition
between the zeroth vibronic levels of the excited state and the zeroth vibronic in the
ground state. The 0-1 and 0-2 are transitions between the zeroth vibronic levels of the
excited state and the first and second vibronic levels of the ground state, resulting in the
creation of phonons. The relative intensity of the 0-0 peak to the 0-1 peak in the thick
film (Figure 3.6(a)) is lower than that in the thin film (Figure 3.6(b)) indicating a higher
self-absorption in the thick film.
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Figure 3.6 PL spectrum of PF2/6 at selected values of temperature for (a) a thick
and (b) a thin film. The vertical lines indicate the shift in the transition energies
as temperature is increased.

The peak positions were determined by fitting the spectra to Gaussian
lineshapes. In the thin film, the main vibronic peaks that are observed at 30 K
are the 0-0 peak at 2.93 eV, the 0-1 at 2.77 eV and the 0-2 transition at 2.59 eV.
An additional vibronic replica is observed at 2.86 eV between the 0-1 and 0-2
peaks. These values are very close to the energies observed in the thick film
and the bulk sample. With increasing temperatures a broad peak is seen to
emerge at 2.3 eV around 150 K for the thick film. Recent work suggests that this
peak is related to emission from keto defect sites,24,25 which are due to the
inclusion of fluorenone units along the PF backbone.

Keto defects can be

accidentally incorporated into the π-conjugated PF backbone either during
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synthesis, by direct inclusion of a fluorenone unit, due to oxidization of nonalkylated or mono-substituted fluorene sites, or as a result of a photo-oxidative
degradation process.24 The concentration of these defect sites is quite low in our
PF2/6 sample since the 2.3 eV emission is absent in the thinner film.

The

temperature dependence of the 2.3 eV emission suggests that it is a thermally
activated process since a weak defect-related emission is only observed for
temperatures above 150 K for the thick film.
Figure 3.7 shows the 300 K PL spectrum of a bulk powder sample of PF2/6 at
selected values of pressure. The 0-0 transition (2.9 eV) at ambient pressure is
barely visible due to self-absorption effects.

However, the other vibronics at

ambient pressure correlate with the PL data from the film. The most remarkable
feature is the emergence of a strong orange emission above ~20 kbar at 2.4 eV,
which dominates the spectrum and completely overwhelms the PL from the
backbone. This peak has been attributed to a combination of emissions from
aggregates and keto defect sites.24 The broad orange emission comprised of
several peaks clearly red shifts with increasing pressures.
The pressure dependence of the backbone PL transitions is difficult to
quantify. The apparent position of the 0-0 transition is affected by changes in the
absorption spectrum, and the relative intensities of the backbone and
aggregate/defect emissions change dramatically as pressure is increased. The
vibronic peaks are clearly observable up to 20 kbar above which pressure they
appear to remain relatively constant in energy with increasing pressure. This
behavior is contrary to the observations in other π-conjugated molecules and
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polymers where the backbone emission clearly red shifts under increasing
pressures as, for example, in polyacetylene,26 polythiophene,27 m-LPPP,28
PHP,29 poly (p-phenylene vinylene) (PPV)30 and MEH-PPV.31

Normalized PL

PF2/6 powder
300 K
87.5 kbar
42.1 kbar
19.8 kbar

0-1
0-2

18.0 kbar

0-0

14.9 kbar
1 bar

1.5

2.0
2.5
Energy (eV)

3.0

Figure 3.7 PL spectrum of bulk PF2/6 at selected values of hydrostatic pressure.
The 1 bar spectrum was measured from a sample evacuated to below 100 mTorr
to prevent photo-oxidative damage.

At about 42 kbar there is another change in the PL emission as the relative
intensity of the keto emission increases greatly compared to the backbone
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emission. At this pressure, there is a large increase in the overall intensity of the
PL. These changes in the PL are most likely due to phase transitions in the
polymer powder. It has been shown by transport measurements that polymers in
a liquid crystalline state exhibit greatly enhanced inter-chain charge carrier
mobility.32,33 Since this material does exhibit a crystalline to nematic liquid
crystalline phase transition,34 this is a possible explanation for the sudden
change in the relative intensities of the emissions.

The lifetime of the PL

transitions were reported by L.M. Herz et.al. in a recent PRB,13 where they find
that the emission associated with the keto defect has a lifetime of 321±8 ps in
comparison to the 3 ps lifetime of the 0-0 transition. Due to the difference in
lifetimes the defect site will act as a charge carrier trap localizing the carriers in
the long-lived state. This trapping effect in conjunction with enhanced inter-chain
charge carrier mobility could account for the significant changes in the PL.35,36,37
From the spectra in figure 3.7 it is clear that the 2.3 eV emission is not just
one broadband peak but actually several peaks superimposed that shift at
different rates. In most of the low-pressure studies published, the PL of the 2.3
eV emission is much weaker in relative intensity than the backbone transitions
obscuring the composition of the peak. It is only at high pressure that the more
complex composition of the peak is detectable in these measurements.
As can be seen in figures 3.6 and 3.7, some of the PL features shift to higher
energies with pressure while some shift to lower energies.

The transitions

associated with the polymer backbone seem to remain relatively stationary above
20 kbar while the defect emission tends to red shift as the pressure is increased.
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This is in direct contrast to the expected red shift of the backbone emission with
pressure due to the enhanced conjugation arising from a stronger overlap of πelectron wave functions found in linear oligophenyls.38 In those studies/models
all of the molecules were linear or on average planar in nature; whereas PF 2/6 is
a non-planar helical in conformation. Figure 3.8 is a plot of the energies of the
PL transitions as a function of pressure.
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Figure 3.8 Peak Energy versus Pressure for the 0-0, 0-1, 0-2 transitions and the
Emission due to the keto Defect from bulk powder PF 2/6.

There seems to be a change in the energy of the 0-0 transition at about 20
kbar, but these spectra are extremely difficult to fit to lineshapes and analyze. In
order to clarify the behavior of the backbone emission, which is less affected by
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the keto defect and self absorption effects in thin films, we studied the pressure
dependence of the PL from a film of PF2/6 that was drop-cast onto the surface of
one of the diamonds of the DAC. We systematically measured the PL both for
increasing and decreasing pressures. The backbone emission is clearly defined
up to 30 kbar, as shown in Figure 3.9. Above 30 kbar the 0-1 and 0-2 can no
longer be clearly distinguished; instead a broad peak appears at 2.5 eV with a
shoulder at 2.4 eV. The 0-0 vibronic peak is clearly observed up to 42 kbar as
shown in Figure 3.9a. As the pressure increases further the 2.5 eV peak
dominates the spectrum up to the highest pressures (~100 kbar). Figure 3.5b
shows the PL spectra taken while lowering the pressure. Some hysteresis is
observed in recovering the low-pressure spectra. In the mid-range (30-45 kbar)
the emission in the 2.2-2.5 eV is still dominant and the backbone emission
recovers very slowly. Full recovery is not observed until below about 10 kbar.
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Figure 3.9 Room temperature PL spectrum of a PF2/6 film at selected values of
pressure (a) while increasing the pressure and (b) on lowering the pressure.
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The PL spectrum of the film was fit using six Gaussian peaks. In Figure 3.10
we show a spectrum at 14.8 kbar, where the vibronics, keto, and aggregate
emissions are all clearly observed.

The highest two are the 0-0 and 0-1

vibronics. The 2.53 eV peak is close to the 0-2 position. The 2.39 eV peak
arises from an aggregate, as does the 2.07 eV peak. The 2.24 eV peak arises
from the keto defect.

The peak positions of the keto and the aggregate

emissions versus pressure for the film sample are plotted in Figure 3.11, and
they red shift by 0.6 and 0.3 meV/kbar, respectively, with increasing pressure.
The 0-0 and the 0-1 backbone vibronics are clearly visible up to 40 kbar and shift
by about an order of magnitude faster (Figure 13a). Similar systematic fitting of
the backbone vibronic peaks is difficult for the powder sample, due to the
increasing absorbance and the broad keto emission at higher pressures.
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PL Intensity
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2.71
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Figure 3.10 The PL spectrum at 14.8 kbar, where the vibronics, keto, and
aggregate emissions are all clearly observed. The peaks associated with the
lineshape fits for the spectrum are also displayed. The peak positions are in eV.
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Figure 3.11 Peak positions of the various transitions in a film of PF2/6 as a
function of increasing pressure at 300 K. The peak position of the 0-0 and the 0-1
backbone PL as a function of pressure are shown in (a) and the aggregate and
the keto peak positions are shown in (b). The slopes of the various transitions are
indicated in the figure.

The main impact of pressure on the PL spectrum is the enhanced emission in
the 2.1-2.6 eV range which overwhelms the backbone emission of PF2/6 beyond
a certain pressure value. Emission in this region has been observed in other
works on PF at ambient pressure. Under photo-degradation in 9,9-di-n-hexyl-2,7dibromofluorene (PDHF), three peaks at 2.2 eV, 2.4 eV and 2.6 eV are observed
and have been identified as excimer peaks.39

Using time-resolved PL

spectroscopy, Herz and Phillips40 find a longer decay time for the 2.15 eV peak,
also attributed to an excimer type emission, as compared with other peaks in this
region.
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Work by List et al.41 conclusively shows that the 2.2-2.3 eV emission is from
keto defect sites in PFs. This assignment has been confirmed in a recent work
by Lupton et al.42 using time-resolved PL on a range of poly-and oligo-fluorene
samples. They attribute the 2.3 eV emission to an on-chain emissive defect, in
agreement with the keto-type defect. Further, they observe an enhancement of
the 2.6 eV emission with increasing sample concentration concluding that the
origin of this peak is due to the formation of interchain aggregates.
The enhancement of the 2.1-2.6 eV emission for the bulk sample occurs at ~
20 kbar and for the film at a slightly higher pressure of ~35 kbar. The relative
intensities of the various peaks in the 2.1-2.6 eV range under pressure are
different in the film and in a powder sample. In bulk PF2/6 (Figure 3.7) both the
keto and aggregate emission are equally enhanced at 20 kbar: the keto peak (~
2.3 eV) gains intensity over the aggregate peak (~ 2.4 eV) beyond 42 kbar.
Although the concentration of the keto defects is quite small in our PF2/6 sample
(Figure 3.6), increasing the intermolecular interaction causes the emission from
the defect sites to be considerably enhanced. This scenario is somewhat similar
to the guest-host polyfluorene system where a small concentration of a
chromophore with an absorption spectrum closely matching the emission of PFO
drastically changes the PL emission.43,44 In these systems there is an efficient
Förster energy transfer to the host molecules that allows conversion of the blue
emission from PFO into red emission of the guest chromophore. In our case the
enhanced intermolecular interaction allows transfer from the backbone to the
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keto defect making that emission more and more prominent as pressure
increases.
The absorption spectrum as a function of pressure was measured from the
same film (at the same pressures as the PL) and is shown in Figure 3.12. The
spectra were taken at room temperature by dividing the sample transmission by
the transmission of the empty diamond cell. Such a broad absorption spectrum
is characteristic of the lower ordered alpha phase. With increasing pressure, the
overall absorbance of the PF2/6 increases and the spectrum red shifts.
Increased absorbance in the 2.7 eV region may be indicative of a more ordered
phase. Although the alpha phase of PF does not show any absorption below
2.90 eV, one cannot rule out a red shift of the absorption edge from the alpha
phase itself with increasing pressures. Such effects have been observed in mLPPP under pressure.45 A more likely explanation is the direct absorption by the
keto defect at about 2.7 eV. This is a Förster energy transfer of the backbone
emission to that of the guest defect chromophore. The sharp peak at 2.95 eV is
from the type II diamond of the pressure cell used as a reference.

Since the

spectral emission from compact Ocean Optics lamp is not constant through the
lifetime of the bulb a reference spectra was needed for each data point.
Unfortunately the DAC chosen to be used as a reference cell had at least one
type II diamond, impacting all of the absorption spectra.
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Figure 3.12 The absorption spectra at selected values of pressure

In the PF2/6 film, beyond 35 kbar the 2.1-2.6 eV emission dominates the
backbone emission. The aggregate emission is stronger than the keto emission
which appears as a weak shoulder at higher pressures. The higher aggregation
in the film may result from a more compact and ordered nematic liquid crystal
morphology in the film. This ordering may also explain the hysteresis of the PL
spectra observed between increasing and decreasing pressures.
A weak shoulder at 1.9 eV is observed both in the film and powder samples of
PF2/6 (Figures 3.7 and 3.9) at higher pressures. The exact origin of this peak is
not understood but most probably it is due to aggregate emission. At higher
pressures the 1.92 eV (647.1 nm) laser line used to excite the Raman directly
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excites this emission as well.

This emission then interacts with the discrete

Raman phonons, which results in an antiresonance effect.
The overall PL intensity, due to aggregate and keto emission, increases
noticeably at 42 kbar in the powder sample. A temperature scan was taken at
this pressure since cooling the sample decreases the pressure by ~2 kbar, and
thus allows us to cycle through any morphological or phase changes.

The

relative intensity of the backbone transitions was observed to decrease with
increasing temperature. A significant change occurs between 150 K and 250 K;
above 250 K the 0-0 transition is almost completely quenched and the broadband
emission increases in intensity by more than a factor of three, figure 3.13. These
changes in the PL are most likely due to morphological changes in PF2/6.46
Transport measurements show that polymers in a liquid crystalline state exhibit
greatly enhanced interchain charge carrier mobility.32 Since PF2/6 does exhibit a
crystalline to nematic liquid crystalline phase transition at about 40 kbar; it is
possible that such a transition causes the sudden change in the relative
intensities of the PL emission with increasing pressures.
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Figure 3.13 Photoluminescence from PF 2/6 at 42 kbar as a function of
temperature.

The rate of red-shift of the 0-0 and 0-1 backbone emission peaks in the PF2/6
film under pressure is similar to shifts observed in m-LPPP film and PHP powder,
as shown in Table 3.1. Future work on copolymers of PF2/6 and with other sidegroup substitutions are required to understand the dynamics of the backbone
vibronics in the bulk PF2/6 sample, which barely appear to shift. This effect may
well be an artifact due to the higher self-absorption in the powder or due to a
different morphology of the powder as compared with the film under hydrostatic
pressure. The shifts of the aggregate and keto emissions with pressure are
similar in both the film and powder samples.
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3.2.2 Raman Spectra of Polyfluorene

The Raman signal from the bulk PF 2/6 powder is quite strong yielding a
very nice signal to noise ratio, shown in Figure 3.14 at 13 K and 300 K at ambient
pressure. With increasing temperatures all the Raman peaks in the 1200-1600
cm-1 soften by ~2 cm-1 a value comparable to several known conjugated
materials.47
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1 bar
λ=647 nm

300K

11K
1000
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1400
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-1

Raman Shift (cm )
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Figure 3.14 Raman spectra of PF2/6 at ambient pressure at 13 K and 300 K.
The vertical scale has been expanded by about 6X below 1550 cm-1.

The Raman frequencies in the 1050-1200 cm-1 region are sensitive to side
group substitution; they arise from the C-H bending modes of the ethyl-hexyl side
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group in PF2/6. The 1290 cm-1 1342 cm-1 and the 1417 cm-1 are associated with
the backbone C-C stretch modes. The Raman peaks in the 1600 cm-1 region
arise from the intra-ring C-C stretch mode. These peak assignments are similar
to those of Ariu et al.48 in their work on PFO, there the Raman peaks in the 12001400 cm-1 region are attributed to the C-C stretch mode between adjacent phenyl
rings. It has been assumed that the higher frequency modes in this region are
due to the C-C stretch from within the more rigid monomer unit, while the C-C
stretch modes between adjacent monomer units are expected to have a lower
frequency due to the allowed torsional degree of freedom.48 The 1600 cm-1
region of the spectrum is best fit with two peaks, a weak peak at 1582 cm-1 and a
strong peak at 1605 cm-1.

The weak shoulder to the 1605 cm-1 has been

observed in other PFs as well.48,49
As expected, some of the phonon modes are sensitive to the alkyl group
substitution as can be seen in Figure 3.15. From this data it can be seen that the
different side groups do not appreciably affect the phonon modes due to the PF
backbone, but there are significant differences in the spectra around 1100 cm-1
and 1250 cm-1. Also, several of the phonon frequencies have been shifted due
to changes in the electronic/physical configuration of the molecule, but are visible
in all of the spectra.
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Figure 3.15 The Raman spectra from the PF samples at room temperature and
ambient pressure are plotted here. All of the data has been normalized to the
maximum of the 1600 cm-1 mode and shifted vertically for clarity.
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The Raman spectra from PF2/6 at various pressures are plotted in figure
3.16. Each frequency region of the graph has been scaled individually so that
key features in each spectrum are clearly observed. The break in the x-axis at
1300 cm-1 denotes the region where the Raman peak from the diamond has
been removed for clarity. Most of the phonon frequencies corresponding to the
backbone C-C stretch modes are not observable as a function of pressure due to
the presence of the strong 1330 cm-1 Raman peak from diamonds in the DAC.
As pressure is increased, all of the Raman frequencies analyzed tend to increase
in frequency.
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Figure 3.16 Raman spectra of PF2/6 at selected pressures. Each frequency
region of the graph has been scaled individually to highlight the key features.
Owing to the rising PL with increasing pressure, the background increases at
higher pressures obscuring the low frequency Raman peaks.
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At higher pressures the PL tail gains intensity, obscuring the Raman signal
beginning with the lower frequency peaks.

The region below ~1300 cm-1 is

observable up to ~20 kbar and the 1417 cm-1 peak is observed up to about 40
kbar. Despite being well below the PL peaks of both the backbone and the keto
emissions, the laser line still excites the low energy tail of the PL spectrum (see
Figure 3.13).

We believe that this tail most likely arises from aggregate

emissions but possibly could also be due to the keto defects or residual
impurities from processing.
The rising PL tail above 20 kbar causes several of the Raman peaks to
exhibit asymmetric lineshapes and an antiresonance effect characteristic of a
Breit-Wigner Fano (BWF) resonance.

Such effects have been observed in

inorganic semiconductors, for example in p and n-doped Si and Ge.50,51 This
effect is indicative of a strong electron-phonon interaction between the Raman
phonons and the electronic continuum.52

We find that the most consistent

development of the BWF resonance is observed in the 1605 cm-1 peak with the
development of asymmetry and increased broadening with increasing pressures
is seen in Figure 3.16.
Along with the asymmetry of the 1605 cm-1 peak, new peaks exhibiting
antiresonance effects appear near 1230 cm-1 and 1530 cm-1 (as seen in Figure
3.16).

These peaks appear in the Raman spectra both with increasing and

decreasing pressure.

Although their signals are weak, their spectra are

reproducible. Some of them may be infrared (IR) active modes that become
Raman active at higher pressures in conjunction with phase/conformational
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transitions of the material. E.J.W. List et. al.53 report that there are a number of
IR peaks in the 1000-1500 cm-1 range in PF with the strongest IR peak appearing
at 1500 cm-1. The 1530 cm-1 feature observed around 40 kbar is most likely the
1500 cm-1 IR active peak shifted to higher frequencies due to the applied
pressure. This IR frequency shows a weak signature even in the 1 bar Raman
spectrum (Figures 3.14 and 3.15), and the magnitude of the shift is consistent
with the pressure shifts of the other Raman peaks.
Although the changes in the spectra have been shown to be reversible as the
pressure is reduced, there is a hysterisis involved. As the pressure is lowered
the PL shifts away from the excitation line used for the Raman measurements
while dropping in intensity and the expected spectra are recovered.

The

pressure has to be reduced to below 15 kbar before the Raman and the PL
signal fully recovers. G. Heimel also reports this hysterisis in work with fluorene
monomers under high pressure (private communication).
The Raman peaks have been fit with Lorentzian lineshapes to determine their
frequency positions and are plotted as a function of pressure in Figure 3.17. The
1417 cm-1 mode is seen clearly up to 40 kbar. The 1500 cm-1 peak is too weak in
intensity to track below 40 kbar, but can be seen as antiresonance and can be
tracked reliably for a few data points above 40 kbar. The 34 kbar data point for
this peak was taken as the pressure was being decreased, and due to a
hysteresis effect the peak was still visible.

As the pressure was decreased

further the PL background dropped in intensity and the low-pressure spectra
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were fully recovered.

All of the peaks shift with fairly similar pressure

coefficients.
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Figure 3.17 Peak positions of the 1417 cm-1, 1500 cm-1 (IR-active), 1582 cm-1
(shoulder of 1605 cm-1), and the 1605 cm-1 modes as a function of pressure. The
open symbol (∇) denotes the position of the 1500 cm-1 peak at 1 bar. The slopes
for the linear fits have an uncertainty of 0.05 cm-1 /kbar. The straight lines for the
1605 cm-1 and the 1582 cm-1 peaks are fits to the frequencies obtained from the
Lorentzian fits up to 40 kbar.

79

The positions of the 1605 cm-1 and the shoulder peak at 1582 cm-1 are
included up to 60 kbar in Figure 3.17. Above about 40 kbar the increase of the
asymmetry of the 1605 cm-1 peak made fitting to the Lorentzian lineshape
difficult. Since the interaction of the main 1605 cm-1 peak with the electronic
continuum makes the lineshape broader and asymmetric it was more accurately
determined by a BWF fit. It is possible only to resolve one peak using a BWF
lineshape, Figure 3.18. The peak positions across the entire pressure range
using both fit methods are plotted in Figure 3.19. At lower pressures there is
good agreement between the peak frequencies determined by both the
Lorentzian and the BWF fits, however the values deviate at higher pressures.
The linear fits to the frequency vs. pressure data for the Lorentzian fits are shown
in figure 3.17 up to 40 kbar.
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Figure 3.18 A sample BWF lineshape fit to the 1605 cm-1 peak at 42 kbar.
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Figure 3.19 Linewidth and the peak position of the 1605 cm-1 Raman peak
obtained by fits to Eq.1, as a function of pressure. A linear fit to the BWF peak
position of the 1605 cm-1 Raman peak as a function of pressure yields a slope of
0.6 ± 0.02 cm-1/kbar, as shown by the straight line.

Since the PL emission from the aggregates and the keto defects red shift, at
higher pressures the 647.1 nm Raman excitation line (1.92 eV) excites the tail of
the emission (Figure 3.7), which couples strongly to the phonons. We therefore
directly excite the tail of the emission, which is most likely from defect and
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aggregate emission, without exciting the backbone PL emission. This excludes
the possibility of this low energy emission being from excimers.
To determine the peak position, asymmetry parameter and linewidth as a
function of pressure, we fit the 1605 cm-1 peak with a BWF lineshape given by54
⎡(ω − ω 0 ) + Γ ⎤
q
⎢
⎥⎦
I (ω ) = I 0 ⎣
,
2
2
(ω + ω0 ) + Γ
2

(1)

where ω0 is the discrete phonon frequency, and Γ is the width of the resonant
interference between the continuum and discrete scattering channels.

The

asymmetry parameter (1/q) depends on the average electron-phonon matrix
element M and the Raman matrix elements between the ground and excited
states of the phonon and electron.55 The broadening parameter is given by
Γ = πM 2 D(ω )

(2)

where D(ω) is the combined density of states for the electronic transitions. For
non-zero density of states it turns out that when
q=−

(ω − ω0 )

(3)

Γ

the spectral function I(ω) will reveal an ”antiresonance” close to the value of
phonon frequency.52 Figure 3.18 is a sample of a BWF fit to Eq. 1 (bold line) to
the 1605 cm-1 Raman mode at 42 kbar.
Figure 3.20 shows the asymmetry parameter versus pressure for the 1605
cm-1 Raman mode. The asymmetry is relatively small up to about 35 kbar, with a
1/q value between -0.005 and -0.1. In this lower pressure region the Lorentzian
and BWF fits give very similar results. Beyond 40 kbar however, the asymmetry
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increases rapidly and 1/q varies from -0.3 to -0.6. The peak position and the
linewidths from the BWF fits as a function of pressure are plotted in Figure 3.19.
The linewidth shows a square law dependence with pressure (Γ α P2). The
frequency positions vary almost linearly with pressure. Figure 3.21 shows 1/q to
linearly vary with the linewidth Γ.
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Figure 3.20 Asymmetry parameter(1/q) of the 1605 cm-1 Raman peak versus
pressure obtained by fits with a BWF line shape (Equation 1).
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Figure 3.21 The asymmetry parameter (1/q) of the 1605 cm-1 Raman peak
versus linewidth obtained by fits with a BWF line shape (Equation 1). The
asymmetry parameter varies linearly with the linewidth.

Recently,

optical

techniques

based

on

photoinduced

infrared-active

vibrational (IRAV) modes have been used to study the photogeneration and
recombination dynamics of charged polarons in conjugated polymers.56
Österbacka et al. have observed Fano-type antiresonances in the IRAV modes in
a series of π-conjugated polymers that are explained well by extending the
amplitude model beyond the adiabatic limit.57

The observation here is

somewhat different; the electronic continuum is from a combination of aggregate
and/or defect emissions that shift to lower energies with increasing pressure.
Figure 3.20 shows that the asymmetry parameter, q, is negative, indicating that
the center frequency of the continuum lies below the discrete mode frequency of
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1605 cm-1 (0.2 eV). The high background and the interference from the diamond
Raman peak makes it difficult to analyze the asymmetry of the other Raman
peaks as a function of pressure. The systematic appearance of the inverted
1530 cm-1 peak at higher pressures makes it a viable candidate for the IR-active
frequency that gets activated in the Raman spectrum due to a lowering of the
symmetry.

Most probably the peak shows an s-like behavior due to the

antiresonance effect and therefore appears as a negative peak. The pressure
has been cycled several times to confirm the antiresonance effect on the 1530
cm-1 peak: the s-like behavior disappears at lower pressures but appears
consistently at higher-pressure values.
Since the vibrational frequencies of a harmonic solid are independent of
compression, pressure induced changes in the Raman spectrum provide insight
into the anharmonicity of the solid state potential.58 In this light the linear shift of
the 1605 cm-1 peak as a function of pressure is not surprising. The rate of shift is
similar to other Raman-active frequencies in PF2/6 which is an indication of the
anharmonic potential.

Although one expects an additional shift in phonon

frequency due to the BWF interaction (the real part of the self energy) we cannot
infer any information about this parameter from our data. In materials where the
BWF interaction can be tuned, e.g. using uniaxial stress in both n-type59 and ptype Si,60 the real part of the self energy due to interaction between the phonon
and the electronic continuum is determined by comparison with the pure material.
In this work, such a comparison is not possible owing to a lack of a defect-free
but identical material.

Had this parameter been large one would expect a
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significant deviation in the peak position vs. pressure behavior above 40 kbar
where the BWF character of the mode is pronounced.
However, the imaginary part of the self-energy, Γ, does show a quadratic
dependence with pressure. Furthermore, the asymmetry parameter should be
directly proportional to Γ if the average electron-phonon matrix element and the
Raman matrix elements between the ground and excited states are assumed to
be roughly constant.61 Indeed, this is what we find, as shown in Figure 3.21.
The negative slope here is due to the negative q values that we obtain from the
fit.

At present we are unclear of the physical significance of the quadratic

dependence of Γ on pressure, which reflects on the density of states of the
continuum. A full-scale band-structure calculation incorporating aggregate and
defect states should reveal the nature of the electronic density of states.
To further investigate the possible phase transition at 42 kbar, the
temperature dependence of PL and Raman was measured. This was decided
due to the overall PL intensity increasing noticeably at 42 kbar in the powder
sample, due to aggregate and keto emission. A temperature scan decreases the
pressure by ~2 kbar in the cell, and thus allows us to cycle through any
morphological or phase changes. Figure 3.13 is a plot of the PL as a function of
temperature at 42 kbar. It is interesting to note how the relative intensities of the
transitions change with increasing temperature, the most significant of which
occurs between 150K and 250K.

The relative intensity of the backbone

transitions was first observed to decrease with increasing temperature and then a
significant change occurs between 150 K and 250 K.
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Above 250K the 0-0

transition is almost completely quenched and the broadband emission has
increased in intensity by more than a factor of three.

The temperature

dependence of the PL from PF powder at 1 bar was published in MRS
proceedings by S. Guha et al.62 where they found a higher coupling of the C-C
vibrations to the electronic states with increasing temperature.

The relative

strength of the 0-0 transition decreases with increasing temperatures relative to
the 0-1 and 0-2, which is indicative of the Huang-Rhys factor increasing with
increasing temperature. This is as a result of decreased conjugation and exciton
localization.63
As the PL changes with temperature, the Raman is also impacted.

An

enhancement in the antiresonance effect can be seen between 150K and 250K
in the Raman spectra plotted in Figure 3.22. This is due to the increase in
intensity of the 1.9 eV emission that is directly excited by the 1.92 eV laser line
used to excite the Raman. These changes in the PL and the impact on the
Raman are most likely due to morphological changes in PF2/6.64

Transport

measurements show that polymers in a liquid crystalline state exhibit greatly
enhanced interchain charge carrier mobility.65

Since PF2/6 does exhibit a

crystalline to nematic liquid crystalline phase transition, it is possible that such a
transition causes the sudden change in the relative intensities of the PL emission
along with directly impacting the Raman spectra with increasing pressures.66,67,68
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Figure 3.22 Raman from PF 2/6 at 42 kbar as a function of temperature

To investigate the impact of the temperature dependant phase transitions of
PF2/6, a detailed series of Raman spectra were recorded as a function of
temperature.

These measurements were taken at specific temperatures and

times to allow a direct correlation to x-ray data collected by M. Winokur.69 From
the x-ray data it can be seen that there is some initial order present in the metastable glassy sample. The sample was initially cooled slightly (to 245K) and then
warmed towards the glass rubber transition, Tg, which is about 80 ºC for this
material. The Tg was determined by DSC measurement and is result for bulk
material. As the temperature approaches the Tg the material becomes softer
allowing molecules freedom to align and increase extended ordering. This is
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evident in the new peaks emerging in the x-ray spectra at these temperatures.
Considerable time is needed to allow the sample to achieve energetic equilibrium
as the molecules reorient themselves in the sample.
Almost all of the Raman modes increase in intensity as the temperature is
increased past Tg, Figure 3.23. The intensity of the weaker modes at about 1417
cm-1 and 1500 cm-1 are not affected as strongly as the other modes. This trend
in the Raman intensities continues to between 115 ºC and 130 ºC where the
intensity of all of the modes except the 1500 cm-1 drops significantly then
remains fairly constant up to 177 ºC, Figure 3.24. There is a corresponding
change in the x-ray spectrum at these temperatures due to the changing
amorphous vs. crystal ratio as the sample crystallizes. The sample was heated
to about 145 ºC and after about six hours the intensity of the Raman modes
stabilized, Figure 3.25. The x-ray data indicate that at this point the ordering is
highest in the sample.
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PART A---First Heating

Intensity

D1 245K (-28C)
D2 323K (50 C) 4hr
D3 349K (76 C) 4hr
D4 354K (81 C) 4hr
D5 362K (89 C) 5hr
D6 368K (95 C) 3hr
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1500
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Raman Shift (cm )
Figure 3.23 Raman from PF2/6 as a function of temperature and time. Tg for
this material is about 80 ºC. The long dwell time at each temperature allows the
sample to achieve structural equilibrium.
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PART B---Heating Continued
D7 377K (104 C) 2 hr
D8 388K (115 C) 2 hr
D9 403K (130 C) 3 hr
D10 419K (146 C) 4 hr
D11 434K (161 C) 9 hr

Intensity

D12 450K (177 C) 2 hr

1100

1200

1300
1400
1500
-1
Raman Shift (cm )

1600

1700

Figure 3.24 Raman from PF2/6 as temperature is increased from Tg to Tlc
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PARTC---Cooling
D13 419K (146 C) 2hr
D14 419K (146 C) 2hr
D15 419K (146 C) 2hr
D16 419K (146 C) 3hr
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Figure 3.25 Raman from PF2/6 at about the liquid crystal transition 145 0C

As the sample is slowly cooled back below Tg the Raman signals loose some
intensity, Figure 3.26, but is still enhanced from the initial intensities.

The

reduction in intensity is not the same for all of the modes. The intensity of the
modes associated with the alkyl side groups does not change as significantly as
the 1600 cm-1 mode or the monomer associated modes in the 1250 cm-1 to 1350
cm-1 range. The x-ray data indicate that after the sample is heated and then
cooled the ordering that is achieved is frozen in place at Tg.
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PART D--further cooling
D18 388K (115 C) 2hr
D19 368K (95 C) 6hr
D20 362K (89 C) 1hr
D21 354K (81 C) 3hr
D22 349K (76 C) 2hr
Intensity

D23 323K (50 C) 1hr
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Figure 3.26 Raman from PF2/6 as the sample is slowly cooled to room
temperature.

Upon heating PF2/6 undergoes some drastic irreversible morphology
changes as can be seen in the SEM images in Figure 1.5. The thin fibrous
structures initially present on the surface of the soft glassy sample have melted
resulting in smooth hard surface.

X-ray results confirm this irreversible
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conformational change of the material as the temperature passes the glass
rubber transition and the liquid crystal transitions.69
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4. Conclusion
In previous 300K study of the Raman modes under pressure the focus was
primarily on the 1220, 1280 and 1600 modes in 6P. We found that there was
clear evidence for planarization of the molecule at ~ 15 kbar by using the
intensity ratio I1280/I1220 as an indicator. This ratio started out at 0.84 at 1 bar
dropped rapidly to ~0.3 around 15 kbar and stayed close to that value thereafter.
In this comparative study of 3P, 4P, and 6P, we show that both the frequencies
and intensities of the two pairs of modes 1280-1220 and 1610-1600 are affected
by planarization. The relative intensities of the 1280 cm-1 and 1220 cm-1 modes
show a similar steep drop in intensity up to the planarization pressure and a
gradual increase thereafter. The slow increase of the ratio of the intensities
above the planarization pressure indicates that the molecules remain fairly
planar. The relative intensities of the 1600 cm-1and 1610 cm-1 modes also shows
a decrease in the intensity of the 1610 cm-1 mode with pressure.
A remarkable feature is the rapid change in the frequency of the 1220 cm-1 inplane bending mode during planarization.

In contrast, the 1600 cm-1 region

modes do not have as clear a two-slope behavior; however, a more sensitive
measure of planarization is the frequency difference between the 1610 cm-1 and
the 1600 cm-1 modes, which exhibits a distinct drop before planarization, and a
gradual increase thereafter. Since the 1600 cm-1 mode is due to the aromatic CC stretch within the ring, the torsional motion of the adjacent rings does not affect
this mode. The resonance conditions that are responsible for the 1610 cm-1
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mode render the two-slope behavior less pronounced as compared to the 12801220 pair of modes and the changes in the C-H flex mode.
The intensity and frequency of the Raman modes from all three oligophenyls
studied exhibit similar pressure dependencies. By fitting the 1220 cm-1 positions
in two linear segments, the planarization pressure has been determined to be:
10±1.5 kbar, 9±2 kbar, and 13±1 kbar for 3P, 4P and 6P respectively.
I have presented an optical study on a variety of polyfluorene type polymers
to investigate the changes in optical properties as a function of hydrostatic
pressure, temperature, and side group substitution. The role of the keto defect in
the PL emission and the effect of phase transitions on the charge carrier mobility
were also explored. It has been shown that hydrostatic pressure induces very
efficient energy transfer of the singlet excitons to the keto defect sites mainly in
bulk PF2/6. Enhanced intermolecular interaction induces a strong aggregatetype emission in the film sample, in addition to a keto emission. This may result
from a pinning of excitations in ordered regions in the film that prevents excitation
diffusion to the defect states.
The Raman modes harden with increasing pressures. The 1605 cm-1 peak
exhibits an asymmetric lineshape, characteristic of a Breit-Wigner Fano
resonance, and some of the other peaks show an antiresonance effect. This is
indicative of a strong electron-phonon interaction between the Raman phonons
and the electronic continuum. The asymmetry observed in the Raman lines is
fully consistent with the PL data, i.e., the BWF resonance is pronounced beyond
40 kbar where the PL emission drastically changes. The aggregate and defect
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related emission increases significantly and the asymmetry of the 1605 cm-1
Raman peak becomes higher.
Upon heating PF2/6 undergoes some drastic irreversible morphology
changes that leave the once soft fibrous glassy sample hard and smooth. These
changes are accompanied by changes in the crystallinity of the sample as seen
in the x-ray data.
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