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Abstract 

The Effects of Crystallization on Oligothiophene Morphology 

 

Debra McGuire Herrmann, M.A. 

The University of Texas at Austin, 2010 

 

Supervisor:  Katherine Willets 

 

Polythiophenes have shown potential as inexpensive organic semiconductors 

because of their charge mobility properties.  Small changes in structures can change the 

electronic and optical properties.  Because oligothiophenes demonstrate the same 

electronic properties, have better solubility, and are easier to purify without defects, 

oligothiophenes are used as models for the polythiophenes.  

X-ray diffraction is an accepted method for studying the structure and 

arrangement of atoms in oligothiophenes; however, XRD requires crystalline solids for 

analysis.  Obtaining suitable crystals can be difficult.  In this paper, two crystallization 

techniques, vapor diffusion and zone sublimation, and the results are discussed.   

Raman spectroscopy, a type of vibrational spectroscopy, will give information 

about the structure of a molecule and can act as the molecular fingerprint of the molecule.  

Raman spectroscopy does not require crystalline solids and provides a relatively fast 

analysis.  If the Willets lab can characterize the oligothiophenes by Raman spectroscopy, 

demonstrate distinguishable spectra for the different morphologies, and correlate this to 

the X-ray diffraction data, Raman spectroscopy will be an easier and faster means for 

analyzing the oligothiophenes 
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Chapter 1:  Introduction 

1.1 Polythiophenes and morphology 

Organic polymers with conjugated backbones such as polythiophenes have 

potential in electronic devices such as light-emitting diodes (LEDs), photovoltaic cells, 

and field effect transitors because of their electronic and optical properties.  

Economically, the organic electronic devices are lower in cost to produce than the 

silicon-based analogs, making them suitable for low end electronics.  However, the 

charge mobility, essentially the ability of the material to carry current, is generally lower 

in organic semiconductors compared to inorganic semiconductors, although high mobility 

has been obtained from well-ordered crystalline solids.
1
   Schön and Kloc reported that 

the degree of ordering, crystal growth defects, purity, and molecular packing in 

oligothiophenes influenced the charge transport.
2, 3

  The morphology of the 

polythiophene influences its electronic properties.  Changes in the polymer’s conjugated 

backbone can change its packing.  

Understanding and determining the morphology of the polythiophenes is essential 

to its function in organic electronics.  Because the polythiophenes are mostly insoluble in 

common organic solvents and are difficult to analyze, three oligomers of thiophene, 

terthiophene (3T), quarterthiophene (4T), and α-sexithiophene (6T), were chosen to 

determine the effects of the solvents used as well as the methods of recrystallization on 

the morphology of oligothiophenes.  The goal is to build a spectroscopic library for the 

oligothiophenes and eventually be able to extrapolate from these spectroscopic 

characterizations to predict the properties, structures, and/or defects of the less defined 

molecular structures of the polythiophenes. 
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1.2 Research Objectives  

The research was performed as part of an on-going project on characterizing 

oligothiophenes via Raman spectroscopy in the Willets Laboratory at the University of 

Texas at Austin.  The specific objectives were: 

1.  To determine solvents in which terthiophene, quarterthiophene, and α-

sexithiophene oligomers were soluble. 

2. To grow crystals suitable for X-ray diffraction using (a) vapor diffusion with 

several different solvents and (b) zone sublimation. 

3. To determine the structure of the crystals via X-ray diffraction using single 

crystal or powder diffraction methods. 

4. To determine the signatures of the same crystals via Raman spectroscopy. 

5. To correlate the oligothiophene analyses via Raman spectroscopy to X-ray 

diffraction.  

Progress made on objectives 1-3 are discussed in this report.   

1.3 Organization of Report 

Chapter 2 includes a literature overview of thiophenes, polythiophenes, and 

oligothiophenes, their physical properties, and their potential as semiconductors.  The 

theory and use of X-ray crystallography and Raman spectroscopy as methods for the 

analysis of the molecular structure and morphology of the oligothiophenes are discussed  

Finally, an overview of the oligothiophene crystallization strategies is presented. 

Chapter 3 will present the experimental methods used for the recrystallization of 

the oligothiophenes for analysis via X-ray crystallography and for Raman spectroscopy.   

Experimental results are discussed in Chapter 4.  The conclusion is presented in 

Chapter 5.  Chapter 6 is the application of this research experience to my classroom. 
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1.4 Focus  

Kramer, et al,
21

 and Schon, et al,
22

 stated that the morphology, the molecular 

orientation, and the order of the oligothiophenes define their properties as semi- and 

photoconductors.  As the oligothiophenes are being engineered for specific electron 

transport properties, the analysis of the chemical structure and morphology must be 

available and reliable.  Single crystal X-ray diffraction can provide this information; 

however, a suitable crystal is required.  Crystallization of the polymers can be extremely 

time consuming and near impossible.  Powder diffraction can be used to identify the 

compound by its diffraction pattern but it is the average of the particles in the sample and 

may miss defects or trace impurities.  If the crystal is amorphous the pattern will appear  

as smeared points if at all.   

Raman spectroscopy, on the other hand, is not limited to crystalline solids.  At 

this time, Raman is not well established for identifying structures although Yurtsever, et 

al,
16

  and Winfield, et al,
20

  states its ability to identify the signatures for conjugated 

systems and their conformations.   

Agosti, et al, report four characteristic peaks for oligothiophenes and 

polythiophenes in the Raman spectra.  The first  peak at  ~1600 cm
-1

, is related to chain 

length but is weak and may disappear altogether after the sixth thiophene repeating unit.  

It is believed to be related to the ring stretching at each end of the oligothiophene or 

polythiophene.  The second peak at  ~1500 cm
-1

 is strongest and is related to the 

aromaticity of the oligothiophenes and polythiophenes. It is believed that this peak is 

related to the totally symmetric vibrations of the inner thiophene units and the extent of 

the delocalized π electrons and increases linearly with increase chain length.  The third 

peak, at immediately lower in frequency from the 1500 cm
-1

 position, is again related to 

chain length, but unlike the first area, increases with the number of thiophene units.   The 
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final peak of interest is at 1100 cm
-1

 and may be involved in the thiophene ring 

stretching. This peak does not seem to shift but increases in intensity with increase chain 

length.
17

  

Raman frequencies and intensities due to the π conjugated structure of the 

experimental oligothiophene crystals need to be characterized and correlated to the x-ray 

diffraction data. 
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Chapter 2:  Background and Literature Review 

2.1 Thiophene, Oligothiophene, Polythiophene 

Thiophene is a five-membered heterocyclic compound which contains sulfur. The 

electrons are delocalized in these π bonds and demonstrate electronic properties.
4
   

Polythiophenes are polymers with repeating thiophene units connected by covalent 

bonds.   Because these conjugated polythiophenes also have delocalized electrons, the 

polymers show potential as organic semiconductors.  Polythiophenes have demonstrated 

good electronic and optical properties in that they have high charge mobility, low band 

gap, can use visible light as an excitation source, and are chemically stable with a high 

degree of order and purity.  They have been investigated for use in field-effect transistors 

(FETs), photovoltaic cells, solar cells, light emitting diodes (LEDs), and molecular wires.  

Polythiophenes are not chemically well-defined compounds.  Polythiophenes 

have low solubility and low processibilty.
5
  The structures depend on the methods and 

conditions of preparation.  Small changes in structure can change the electron mobility. 

Thiophene oligomers have less than ten repeat units of thiophene.  Thiophene  is a 

five-membered heterocyclic compound which contains  one sulfur.  Thiophene oligomers 

such as the sexithiophene, quarterthiophene, or terthiophene units shown below in figure 

1, provide models for the properties of polymers without the difficulties of polymers. The 

oligomers have the same conductive properties of the polymer but have better solubility 

and are easier to purify without structural defects.  According to Louarn, et al, the 

characteristics of the chemically well-defined oligothiophene can be determined and 

extrapolated to the more disordered thiophene polymers.
6
 The chemical structure and 

morphology of crystals of these π conjugated oligothiophenes, formed under various 

conditions, can become models for the polymers. 



 6  

                       

Figure 1:  Sexithiophene, quarterthiophene, terthiophene, respectively
7
 

2.2 X-Ray Diffraction 

One method used to analyze and study the structure and arrangement of the atoms 

in oligothiophenes is by X-ray diffraction.  X-ray diffraction is limited to crystalline 

solids.  One of the challenges of X-ray diffraction concerns obtaining crystals for analysis 

and will be discussed later.   

Crystalline solids are made up of exact repeating patterns of atoms and molecules 

in three dimensions, called crystal lattices.  A lattice point is a point in the solid, where 

the same environment is seen from any direction from that point.  A unit cell within the 

crystal lattice is defined as the smallest repeating volume of the lattice and is designated 

with the lengths a, b, and c along the three dimensions respectively: the horizontal axis, 

the a-axis; the vertical axis, the c-axis; and the axis normal to both a- and the c-axes, as 

the b-axis, respectively. The angle between the b- and c-axes is the α angle; the angle 

between the a- and the c-axes is the β angle; and the angle between the a- and b-axes is 

the γ angle.   Each face of the unit cell is perpendicular to its axis.  For instance the A-

face is perpendicular to the a-axis. The seven unit cell shapes are defined in Table 1.   

Additionally, the unit cell can be further refined with the Bravais lattice types which refer 

to the location of other lattice points other than those that defined the unit cell.  Bravais 

lattice types are primitive (P), body-centered (I), face-centered, (F), or single-face 

centered A, B, or C.
8-10
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Table 1:  Summary of the unit cell parameters for crystal systems.  Bravais lattice types: 
P = primitive, I = body-centered, F = single-face centered (A, B, or C face). 

 

 

 

 

 

 

 

 

 

Crystalline solids are generally irradiated with either copper or molybdenum x-ray 

sources which have wavelengths of 0.1542 nm and 0.0711 nm respectively.  These 

wavelengths are similar to molecular bond distances. The X-rays are diffracted in all 

directions by the oscillating electrons within the atoms.  The higher the electron density, 

the more scattering occurs.  Diffracted X-rays are in-phase and will reinforce each other 

with constructive interference only when the path length between them is zero or a whole 

number multiple of the wavelength satisfying Bragg’s equation, nλ = 2dsinθ . (n is the 

diffraction order, d is a fixed distance between the planes of the crystal, λ is the fixed 

wavelength of the X-rays emitted by the excited inner shell electrons of either copper or 

molybdenum; and θ is the angle of incidence and reflection.)  Only constructively 

interfering diffracted X-rays will form a pattern of diffracted spots with varying 

intensities on the data collection plates in reciprocal space.  The majority of the diffracted 

X-rays will not fit this criteria, being out-of-phase, and experiencing destructive 

interference. Every atom, not just the surface atoms, in the path of the X-rays scatters the 

Unit Cell 

Shape 
Axis length 

a, b, c α β γ 
Bravais 

Lattice types 

Cubic a = b = c 90º 90º 90º P, I, or F 

Tetragonal a = b ≠ c 90º 90º 90º P, I 

Orthorhombic a ≠ b ≠ c 90º 90º 90º 
P, I, F,  or 
A, B, or C 

Hexagonal a = b ≠ c 90º 90º 120º P 

Trigonal a = b ≠ c 90º 90º 120º P 

Monoclinic a ≠ b ≠ c 90º ≠ 90º 90º P, C 

Triclinic a ≠ b ≠ c ≠ 90º ≠ 90º ≠ 90º P 
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X-rays. Data to cover all the reciprocal space of the crystal is collected and computer-

processed to produce a unique diffraction pattern that determines the d spacing between 

the planes of the crystal, the unit cell, and how it packs together to form the lattice 

structure of the particular crystal.
8-10

 

2.3  Crystallization methods 

Because an X-ray diffraction pattern represents the repeating structure and 

geometry of a crystal, a suitable crystal must be obtained or grown for single crystal 

diffraction.  The lack of repetitive order in an amorphous solid makes it unsuitable for X-

ray diffraction. The conditions, such as temperature, pressure, nucleation, solvent, and 

level of saturation in the crystallization process can affect the size, shape, and the 

molecular organization of the resulting crystal.  Glassware should be clean and preferably 

new.  Scratches on glassware or particles of dust can become nucleation sites.   

Nucleation that proceeds too quickly can produce agglomerates.  Crystal growth that is 

too quick can produce defects when the molecule does not have adequate time to arrange 

itself in the most stable order.  An ideal crystal will be clear, well-defined, and between 

0.1 mm and 0.3 mm in size.
8
  Some techniques for growing crystals suitable for X-ray 

diffraction include slow evaporation, layering of miscible solvents, vapor diffusion, and 

hanging-drop techniques.  Sublimation becomes an alternative purification technique for 

substances that have low solubility like the oligothiophenes and polythiophenes.  

Crystallization is often trial and error and luck.
8, 11

   

In recrystallization involving a solvent, the substance to be crystallized should be 

moderately soluble in the solvent. A saturated solution of the solvent and substance is 

made. The solution should be placed in an area free of vibrations and where it will not be 

disturbed.  The slow evaporation technique involves covering the solution with a lid with 
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a small hole.  The solvent evaporates through the hole in the lid and the solubility of the 

substance decreases to the point where crystals form.
8, 11

   

Two solvents that are miscible but have different densities are chosen for the 

layering of miscible solvents technique.  One of the solvents will dissolve the substance.  

The solvent with the higher density is placed into a small tube; then the second solvent is 

gently layered on the first solvent.  As the solvents mix, the solubility of the substance 

decreases in the solution, and the crystals form at the interface of the solvents.
8, 11

   

For vapor diffusion, two solvents which are miscible but have different boiling 

points are used.  The substance to be recrystallized must be soluble in the less volatile 

solvent but not in the second, more volatile solvent.  This less volatile solution is then 

placed inside a second, larger vial which contains the more volatile solvent and tightly 

capped.  The second solution slowly diffuses into the smaller tube or vial and the 

solubility of the solute decreases to the point where crystals develop.
8, 11

   

The hanging-drop method of recrystallization is a technique used with 

macromolecules such as proteins.  A 1:1 solution of the saturated solution and the solvent 

are placed in a Linbro well.  A small drop of the saturated solution is placed on a cover-

slip and placed drop down over the well.  The solvent on the drop will diffuse into the 

diluted solution in the well, leaving the crystal on the cover slip.
11

   

When a solvent cannot be found for the substance to be crystallized, zone 

sublimation can be used.  A small amount of substance is placed in an open tube.  This 

tube is then placed inside a longer, larger tube and sealed under vacuum.  The tube is then 

placed inside a horizontal tube furnace and heated.  The substance vaporizes and as it 

reaches the cooler section of the tube outside the furnace, crystallizes.
10, 11
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2.4 X-ray diffraction of oligothiophenes 

The crystal structures for terthiophene (3T), quarterthiophene (4T), and 

sexithiophene (6T) via x-ray diffraction are defined on the Cambridge data base.  The 

oligothiophenes are monoclinic and adopt a typical herringbone packing.  Terthiophene is 

known to have only one morphology (See figure 2).   Marcon and Raos reported that two 

different morphologies for both quarterthiophene and sexithiophene can be created from 

sublimation of the crystals at high and low source temperatures. The two forms belong to 

different variants of the same primitive space group.  The low temperature morphology 

(4T LT) has lower symmetry and double the unit cell volume, but about the same density 

as the high temperature morphology (4T HT) (See figure 3).  Notice that the 4T LT unit 

cell contains a full molecule while the 4T HT only contains a half molecule.
12

  The 6T LT 

and 6T HT polymorphisms' structural differences are much the same as those for the 4T 

polymorphisms (See figure 4).  According to Garnier, et al, the 6T molecules pack 

parallel to the long axis of the large surface of the crystal and to each other providing a 

large area of π overlap. Furthermore the planarity of the 6T molecules is greater than for 

the 3T molecules.
13

  The high temperature sexithiophene crystals produce orange crystals 

while the low temperature sexithiophene crystals produce yellow crystals.
14

   

 

 

 

 

 

Figure 2.  Terthiophene unit cell
7
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Figure 3.  LT and HT polymorphs of quarterthiophene, respectively
7
 

 

Figure 4.  LT and HT  polymorphs of  sexithiophene, respectively
7
 

As the chemistry of the thiophene oligomers and polymers evolves to meet the 

characteristics needed for organic semiconductors and LEDs, the changes in the 

structures will need to be studied and recorded. Single crystals of high quality are 

necessary for the initial analysis via X-ray diffraction to determine the chemical 

structures and morphologies of the materials which are free of defects, impurities, or 

disorder.  At the same time, additional strategies for characterization, such as Raman 

spectroscopy, need to be explored.   
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2.5 Raman Spectroscopy 

The vibrational motion of a molecule can be described as the motion of the atoms 

relative to each other.  These motions can be a symmetrical stretch, a bend, or an 

asymmetrical stretch of the bonds between the atoms making up the molecule.  Because 

the energy of the molecular motion is quantized, the energy produced or absorbed by a 

vibrational mode of a molecule must correspond to the vibrational energy levels 

permitted by that molecule.  These vibrational energy level differences are characteristic 

of the molecular structure and the chemical bonds.  Raman spectroscopy, a type of 

vibrational spectroscopy, will give information about the structure of a molecule and can 

act as the molecular fingerprint of the molecule.  If the morphology is changed, the 

vibrational energies of the structures will change to produce variations in the Raman 

spectrum for that molecule.   

If an elastic collision between an incident photon and a molecule occurs, the 

molecule state gains energy and moves to a virtual excited state.  The molecule 

immediately returns to its original state so that the light scattered by the molecule has 

exactly the same frequency as that of the incident photon.  The scattered light is 

unchanged in energy because the motion of the molecule is unchanged. This is called 

Rayleigh scattering and is the dominant form of scattering.   

Raman scattering occurs when the collisions between the exciting or incident 

photon and the molecule are inelastic.  The energy of the scattered light is changed from 

the incident light because of the change in the motion of the molecular nuclei when the 

incident light collides with it.  The molecule can originate in either the ground or an 

excited vibrational state.  If the molecule originates in the ground vibrational state, is 

excited to a virtual or pseudo state, and returns to an excited vibrational state, a Stokes 

line with a slightly lower frequency or lower energy than the incident photon will appear.   
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Energy from the exciting photon is used to excite a vibrational mode of the molecule, and 

the scattered light, a Stokes transition, has exactly the frequency difference of the 

incident photon less the frequency associated with the energy difference of the transition 

between the ground vibrational state and the excited vibrational state. This energy 

difference is characteristic for a specific chemical bond of the sample molecule.           

(ΔE  =  hνi –hνs) 

On the other hand, if the molecule originates in an excited vibrational state when 

the incident photon collides with it, is excited to some virtual state, and then relaxes to 

the ground state, it will emit a photon of energy equal to the difference of the ground and 

first excited vibrational states for that molecule plus that of the incident photon.  An anti-

Stokes line with a slightly higher frequency will appear spectrum.  (ΔE = hνi + hνs) 

Again, because this energy difference in the vibrational states is quantized and related to 

the specific atoms and bonds of the molecule, the Raman spectrum produced will be 

characteristic of the molecular structure of the sample. 

Figure 5:  Rayleigh Scattering, Stokes Raman scattering, and Anti-Stokes scattering  
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According to Bauer, et al, Raman lines are produced when a molecule’s 

polarizability is changed during the vibration.
15

  The electron cloud of a molecule may be 

disturbed by stretching of the molecule and the interaction of the light source.  Because 

bond strength and the mass of the atoms are involved, the Raman spectrum produced is 

indicative of the functional groups present and the location of these groups are generally 

located in the same region with only small shifts.  Peaks in the spectrum are expected to 

correspond to specific stretching of chemical bonds.  Structural changes, symmetry 

changes, phase transitions, and intra- and inter-molecular changes will cause changes in 

the vibrational modes and create changes in the Raman spectrum. The intensities of the 

Raman spectral lines are proportional to the number of molecules in the initial state.  Any 

changes in chemical structure or morphology should create a change in the Raman 

spectrum produced.
5, 15-20
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Chapter 3:  Methods 

3.2 Solvent Selection for crystallization 

The literature reviews reported that the oligothiophenes were soluble in common 

organic solvents. However, an actual list of solvents was not given except in one case 

which used obscure, solid organic solvents to melt with the oligothiophenes in a furnace.  

Choosing the appropriate solvents to produce crystals suitable for single crystal X-ray 

diffraction was described as hit or miss, luck, having green fingers, or black art.
8, 10, 11, 13

  

A list of common organic solvents was obtained via Google and the solvents to be 

tested were chosen or rejected based on references in papers to crystal preparation for X-

ray diffraction.
23

  Some solvents such as tetrahydrofuran, glycerin, and carbon 

tetrachloride are known to disrupt the order of oligomers and were rejected.
8
  

The unsubstituted thiophene oligomers, terthiophene (3T), quarterthiophene (4T), 

and sexithiophene (6T) were selected as models for the polythiophenes and purchased in 

one gram quantities from Aldrich.  The solvents were purchased from Fisher Scientific.  

The oligomer was massed on an analytical balance and added to a small screw top vial. 

The starting mass for terthiophenes was 20 to 50 mg and for quarterthiophene and 

sexithiophene was between 20 and 30 mg.  The solvent was added in 750 µL increments 

up to 7.5 mL.  Additional oligomer was added as necessary to prepare a saturated 

solution.  The solutions were allowed to settle overnight. 
 

3.3 Vapor diffusion 

Vapor diffusion is based on two solvents with different vapor pressures or boiling 

points and solubility.  Once a solvent for the oligothiophene was determined, a second 
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solvent was chosen.  The requirements for the second solvent are:  1.) It has a higher 

vaporization pressure or lower boiling point than the first solvent;  2.) it is miscible in all 

proportions with the first solvent, and 3.) the oligothiophene cannot be soluble in it. 

For each vapor diffusion experiment, three tests were made using saturated 

solutions for each of the oligomers with common first and second solvents.  For each test, 

approximately 750 µL to 1.5 mL of a saturated solution of terthiophene, 

quarterthiophene, or sexithiophene oligomer was pipetted into a new 10 x 75 mm 

disposable glass culture tube (Figure 6).  Each tube was then placed into a new 25 x 95 

mL screw top vial that contained 10 mL of the second solvent.  The vials were capped 

and placed where they would not be disturbed.   The second solvent vaporizes and as it 

mixes with the first solvent, the solubility of the oligothiophene decreases. The vials were 

observed daily for crystals.   

 

 

 

 

Figure 6.  Vapor diffusion experiment.  The more volatile solvent is on the outside of the 
tube containing the saturated solution of the first solvent and the oligothiophene shown in 
yellow. 

3.4 Zone sublimation 

For substances which cannot be dissolved in a solvent, crystals suitable for single 

crystal X-ray diffraction must be prepared an alternate method.  In zone sublimation, 20 

to 30 mg of the oligothiophene is placed into a 6 x 50 mm Pyrex culture tube.  A 11 mm 

x 24 inch glass tube is sealed at one end and a vacuum is pulled for about two hours.  The 
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tube containing the oligothiophene is inserted into the longer glass tube, the vacuum is 

resumed, and the second end of the tube is sealed.  A Thermolyne, type 21100, tube 

furnace that was modified with a digital controller that allowed temperatures to be set 

lower and more precisely, was heated to near the known melting point for the 

oligothiophene.  The tube containing the oligothiophene was placed midway into the 

zone furnace (See figure 7).  The temperature was monitored using a high temperature 

thermocouple.  As the oligothiophene vaporizes, the gas molecules diffuse to the outer, 

cooler region of the tube outside the furnace and crystalize.  The melting points for 

terthiophene, quarterthiophene, and sexithiophene are 94ºC, 211-214ºC, and 290ºC 

respectively.   
 

 

 

 

 

 

 

Figure 7.  Zone sublimation apparatus.  See text for details. 

3.5 X-ray Diffraction Analysis 

After crystals were produced, they were inspected under a microscope to 

determine the quality of the crystals.  Crystals with rounded edges or which appeared 

glassy or amorphous were not good candidates for single crystal analysis to determine the 

unit cell parameters or the morphology of the substance.  A powder analysis was 
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generally attempted to determine if the spectrum matched the expected Cambridge 

Structural Database (CSD).
7
  For single crystal analysis, a single crystal was isolated 

using a microscope and mounted in a small nylon loop with a tiny amount of mineral oil.  

An initial analysis taking about twenty minutes was made to determine the quality of the 

crystal and its unit cell dimensions.  If the crystal was of good quality, a longer scan 

requiring eight hours or more, was used to determine the structure from the reciprocal 

lattice space data. If the reciprocal image for the crystal did not contain well defined 

reflections (spots) or the reflections appeared streaked or smeared, a powder analysis 

could be attempted.  For the powder crystal analysis, a tiny amount of crystals was 

ground using a mortar and pestel.   Then using a microscope, the powder was mounted 

into the small nylon loop with a small amount of mineral oil (See figure 8).  Because 

powder diffraction cannot analyze the three dimensions of the spatial distribution of the 

reflections but instead analyzes only the one dimension of the scattering angle for the 

entire structural profile, the results were compared with the Cambridge Database.  If the 

spectra matched well, the powder was inferred to have the same unit cell. 

Figure 8.  Quarterthiophene powder mounted on a loop and its diffraction pattern 
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Data were collected on a Rigaku Corporation R-Axis Spider diffractometer with 

an image plate detector using Cu K radiation (=1.5418Å) and a graphite 

monochromator (Figure 9). 

   

 

 

 

 

 

 

 

Figure 9.  X-ray diffraction instrumentation 
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3.6 Raman Spectroscopy 

Crystals or powders, for which X-ray diffraction data were obtained, were saved 

for Raman analysis at a later date.  No further preparation was required.  This part of the 

project is ongoing.  One sample of the terthiophene grown via vapor diffusion was 

analyzed by Sarah Stranahan using a homebuilt Raman microscope (Figure 10).  The 

details for the analysis and instrumentation can be found in S. M. Stranahan and K.A. 

Willets “Super-resolution optical imaging of single molecule surface enhanced Raman 

scattering hot spots” (manuscript in preparation) 

Figure 10.  Raman instrumentation 
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Chapter 4:  Results and Data Analysis 

4.1 Solvent Selection 

The solubilities of  terthiophene, quaterthiophene, and sexithiophene oligomers 

were tested with the solvents shown in Table 2.   

 

Table 2.  Solubilities of the oligothiophenes in organic solvents 

 

  3T 4T 6T 

SOLVENT Solvent bp °C     

Acetone 56.2 - I - 

Acetonitrile 81-82 S P I 

1-butanol 117.7 P P P 

Chloroform 61.2 S P P 

Dichloroethane (EDC) 83.5 S P P 

Dichloromethane (DCM) 40 S P P 

Dimethyl sulfoxide 
(DMSO) 

189 - I I 

1, 4-dioxane 101 S P P 

Ethanol 78.5 - I I 

Ether 34.6 S P I 

Ethylene glycol 197.3 I I I 

Hexane 69 - I I 

Pentane 36 I I I 

2-propanol 82 - I - 

Toluene 110.6 S P P 

Water 100 I I I 

Xylene 140 S P P 
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Soluble (S) was defined as the oligothiophene being fully soluble in the solvent.  

Partially soluble (P) was defined as the solvent having acquired the color of the 

oligothiophene but remaining transparent when the  solid material settled to the bottom of 

the vial.  Insoluble (I) was defined as no indication of the solid interacting with the 

solvent.   Figure 11 shows examples. 

 

 

 

 

Figure 11.  Saturated solutions of 3T, 4T, and 6T, left to right, in toluene. 

Terthiophene was most soluble in toluene, (approximately 300 mg/ 750 μL 

solvent) and chloroform (approximately 250 mg/ 1.5mL).  Terthiophene was also easily 

soluble in xylene, acetonitrile, EDC, DCM, DMSO, and ether.  Saturated solutions of 

these were not made.    

Quarterthiophene was most soluble in toluene, chloroform, xylene, and DCM. 

Sexithiophene was most soluble in toluene, chloroform, and toluene.  Neither 

quarterthiophene nor sexithiophene were 100% soluble in any solvents.  Partial solubility 

was judged by the degree of color in the solvent. When the solutions were allowed to 

remain undisturbed overnight, the solution was perfectly transparent above the excess 

oligothiophene. 
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4.4 Vapor diffusion experiments 

Pentane was used as the second solvent in all cases because of its low boiling 

point, 36ºC.   Crystals were grown for at least one of the oligothiophenes in each set 

except the one in which the 1,4-dioxane was used as the solvent.  See table 3. 

 

Table 3:  Crystallization by vapor diffusion summaries 

Compound Compound Solvent Second Solvent Observations 

Terthiophene Dichloromethane Pentane large, visible, feather-like 
crystals; 
visible growth after one night 

Quaterthiophene Dichloromethane Pentane thin, feather-like crystals; 
striation in vapor region of 
test-tube; crystal growth in 
vapor region of tube 

Sexithiophene Dichloromethane Pentane striation in vapor region 

    

Terthiophene Toluene Pentane large, visible, yellow crystals;  

Quaterthiophene Toluene Pentane small, visible, orange crystals 

Sexithiophene Toluene Pentane powdery 

    

Terthiophene Chloroform Pentane large, pale yellow crystals 

Quaterthiophene Chloroform Pentane chunky, cube-like, rust colored 
crystals forming at bottom, 
later more crystals in mid area, 
crystals are transluscent  

Sexithiophene Chloroform Pentane powder in bottom,  striations at 
top above solvent 
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Table 3 Continued:  Crystallization by vapor diffusion summaries  

 

Compound Compound Solvent Second Solvent Observations 

Terthiophene Toluene, (repeated 
for reproducibility) 

Pentane large, spear like crystals, pale 
yellow 

Quaterthiophene Toluene      Pentane same, feather-like crystals  

Sexithiophene Toluene      Pentane orange powder at bottom  

    

Terthiophene Toluene     
refrigerated  

Pentane same large, spear like crystals, 
pale yellow 

Quaterthiophene Toluene     
refrigerated  

Pentane Same feathery crystals as at 
room temp, but formed along 
edge of tube wall 

Sexithiophene Toluene     
refrigerated 

Pentane Orange powder residue at 
bottom of tube 

    

 Terthiophene Xylene  room temp Pentane No crystals 

Quaterthiophene Xylene  room temp Pentane Needle like crystal forming  

Sexithiophene Xylene  room temp Pentane No crystals 

    

Terthiophene Xylene  refrigerator Pentane No crystals 

Quaterthiophene Xylene  refrigerator Pentane Needle like crystals after one 
week 

Sexithiophene Xylene  refrigerator Pentane No crystals 

    

Terthiophene 1,4-dioxane Pentane No crystals 

Quaterthiophene 1,4-dioxane Pentane No crystals 

Sexithiophene 1,4-dioxane Pentane No crystals 
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Figure 12.  Vapor diffusion using DCM as solvent for 3T, 4T, 6T (left to right) and 
pentane as second solvent. 

Using dichloromethane (DCM) as the solvent for the oligothiophenes and pentane 

as the second solvent, quickly produced yellowish-white opaque crystals for terthiophene 

as seen in figure 12.  Because the crystals are opaque, they are not suitable for single 

crystal X-ray diffraction. Nucleation for the crystals probably occurred faster than the 

growth of the crystals.  The volume inside the inner tube increased but not as much as for 

other solvent combinations.   The boiling point differences between DCM and pentane is 

only 4ºC.  This suggests that the vapor pressure of the pentane was not high enough for 

adequate mixing of the two solvents.  The parallel striations that formed above the DCM 

solvent in the inner tubes were promising but after four weeks, no crystal growth was 

observed. 
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Figure 13.  Vapor diffusion using toluene as solvent for 3T, 4T, 6T and pentane as second 
solvent at room temperature (left photo) and in the refrigerator (right photo). 

Using toluene as the oligothiophene solvent and pentane as the second solvent, 

several large, long, pale yellow crystals formed for terthiophene and very thin, needle-

like, pale yellow crystals formed for quarterthiophene within the first two days.  Very 

fine orange powder appeared to settle out along the side and bottom of the tube 

containing the sexithiophene.  Rather than crystals forming, the sexithiophene is most 

likely settling out of the initial sexithiophene/toluene solution.  No independent crystals 

could be seen.    See figure 13.    

 This vapor diffusion experiment was reproduced twice more with one of the sets 

being placed in the refrigerator for one week without disturbance.  Much finer, more 

needle-like crystals of terthiophene grew at the colder temperature.  Both 3T and 4T 

crystals in the refrigerator grew along the surface and took the shape of the inner tube.   

A final set of the oligothiophenes dissolved in toluene was made.  Interestingly, 

the solution for the terthiophene and the toluene was made near but not at the saturation 

point.  Crystals of terthiophene did not form in the vapor diffusion experiment.  

Saturation was never reached even when the pentane had mixed with the toluene solution 

and filled the inner tube.   
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Figure 14 shows the crystals that formed in the vapor diffusion for the 

oligothiophenes dissolved in chloroform and using pentane as the second solvent.  The 

terthiophene crystals began forming within six hours.  The 3T crystals were yellow and 

very needlike.  By day two, needle like crystals were forming above the solvent in the 

inner test tube.  After 24 hours quaterthiophene crystals began to form.  The initial 

crystals were nearly rust colored and had the appearance of sugar crystals.  Later 

additional crystals, pale yellow and more feathery looking appeared above the orange 

cubes.  No crystals were formed for sexithiophene. 

 

 

 

  

 

 

 

Figure 14.  Vapor diffusion using chloroform as solvent for 3T, 4T, 6T (left to right) and 
pentane as second solvent. 

4.4 Zone Sublimation 

The tube furnace obtained for the zone sublimation work was initially designed 

for high temperature work.  The first experiment was set at the lowest temperature 

setting.  The temperature surpassed the melting point of the sexithiophene sample, 290ºC.  

The remains of the sexithiophene in the inner tube appeared charred; however, rings of 

yellow and orange crystals formed near the outlet of the tube furnace.  From examining 
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them under a microscope, the yellow crystals appeared mostly amorphous.  The orange 

crystals were well formed and crystalline. 

To control the temperature, the furnace was modified with a digital controller.  

The temperature of the tube about midway into the furnace was carefully monitored with 

a thermocouple.  A second sample of terthiophene was heated to about ten degrees below 

the known melting point of 94ºC.  As the temperature was slowly increased in 1ºC 

increments, the outer tube was monitored for the presence of crystal growth.  Only when 

the temperature reached 93.6ºC, did crystals begin to form near the outside of the furnace.  

At this point the terthiophene had melted. 

   

 

Figure 15.    Terthiophene in the inner tube of the vacuum tube and crystals which formed 
were formed near the outside of the furnace.  (Tube has been pulled-out to show crystals.) 

4.4 X-Ray Diffraction Analysis 

The majority of the crystals formed using vapor diffusion were not suitable for 

single crystal X-ray diffraction.  When the crystals were viewed under a microscope, no 

distinct, crystal-like forms were seen.  The crystals had the appearance of tiny pieces of 

glass with smooth, rounded edges.  Many crystals, when removed from the tube, 
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appeared to fall apart under their own weight and were impossible to load on the 

mounting loop.  When possible, a powder diffraction of the crystals was made instead.  

 4.4. a  Terthiophene 

Terthiophene X-ray diffraction spectra are shown in figures 14 and 15 for 

powders of crystals grown via sublimation and vapor diffusion using the toluene-pentane 

solvents. Comparison to the spectrum for terthiophene from the Cambridge database 

(Figures 16 and 18) confirmed a match for the crystals grown via vapor diffusion.  The 

difference in peaks at 2θ near 20º for the crystals via sublimation may be due to the poor 

quality of the crystals (amorphous appearance).  

   Unit cell parameters for the terthiophene did not match well with those in the 

Cambridge structural database even though the spectral data was enough for the material 

to be identified as terthiophene.  Only one morphism of terthiophene is given by the 

Cambridge data or identified in the literature.   
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Figure 16. XRD powder diffraction data for terthiophene crystals grown via vapor 
diffusion (toluene/pentane solvents) 

 

Figure 17.  XRD powder diffraction data for terthiophene crystals grown via sublimation. 
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Figure 18.  Terthiophene  XRD data from the Cambridge database 
7
 

The X-ray diffraction spectrum for powder of the quarterthiophene crystals 

produced via sublimation is shown in figure 17.  The major peaks in the Cambridge 

spectrum for quarterthiophene (Figure 18) are present at the same angle of diffraction in 

the experimental spectrum.  

4. 4. b Quarterthiophene 

The data shown in table 4 are the known and experimentally determined 

parameters for the unit cells of single crystals of quarterthiophene.  As stated earlier, two 

polymorphisms for quarterthiophene have been identified.  The polymorphism appears to 

be related to the temperature source of the crystal formation.  Interestingly, the crystals 

formed via vapor diffusion at room temperature have the same parameters as the 

morphology of the quarterthiophene identified by Marcon and Raos
12

 as those formed by 

sublimation at lower temperature.  Likewise, the crystals formed by zone sublimation 

matched the parameters of the high temperature polymorph of quarterthiophene that was 

also identified in Marcos and Raos paper as well as by parameters identified in the 

Cambridge Structural database.
7, 12

  (Figures 19 and 20)  
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Figure 19.  XRD powder data quarterthiophene crystals grown via sublimation. 

Figure 20.  XRD dat for quarterthiophene, Cambridge database 
7
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Table 4.  Unit cell parameters for quaterthiophene single crystals produced by vapor 
diffusion and sublimation.  The Cambridge unit cell parameters

7
 are given and have been 

matched with what has been described as low temperature (LT) and (HT) polymorphisms 
for quarterthiophene.   

Compound 
  

Morph-
ology 

CSD  
Identifier 

Cell Lengths Cell Angles 

a b c α β γ 

Quarterthiophene 
C16H10S4 

 
     LT 

PEWXAQ
01 
Single 
crystal   

6.085 7.858 30.483 90 91.81 90 

Quarterthiophene 
VaporDiffusion 
(toluene/pentane) 
Single crystal 
(7/1) 

  5.979 7.640 30.865 90 91.17 90 

Quarterthiophene 
 

 
     HT 

PEWXAQ
02 
Single 
crystal   

8.935 5.751 14.340 90 97.22 90 

Quarterthiophene 
 Sublimation 
(Columbia) 
Single crystal 
(7/07) 

  9.049 5.702 
 

14.153 90 99.08 90 

 

4. 4. c  Sexithiophene 

The spectrum for the sexithiophene crystals, produced via sublimation at 

Columbia University, figure 21 demonstrates the characteristic peaks associated with the 

sexithiophene standard from the Cambridge database, figure 22.   The cell parameters 

(Table 5) for this same sample of sexithiophene were obtained from a XRD powder  

analysis performed by Sarah Stranahan at an earlier date.  Of the two polymorphs given 

in the Cambridge structural database, the parameters for the experimental sexithiophene 

matches that described as what is formed at the low temperature source for sublimation.   
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Figure 21.  XRD powder data for sexithophene crystals grown via sublimation at 
Columbia University. 

 

Figure 22.  XRD  data for sexithiophene, Cambridge database
7
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Table 5.  Unit cell parameters for the sexithiophene crystals produced by sublimation. 
The Cambridge unit cell parameters

7
 are given and have been matched with what has 

been described as low temperature (LT) and (HT) polymorphisms for sexithiophene.  

 

Compound Morph- 
ology 

CSD  
Identifier 

Cell Lengths Cell Angles 

a b c α β γ 

Sexithiophene 
C24H14S6 

  
   LT 

ZAQZUM 
Single X  
Orange 
 

44.708 7.851 6.029 90 90.76 90 

α-Hexathienyl 
C24H14S6 

 
   HT 

ZAQZUM01 
Single crystal  

20.672 9.140 5.684 
 

90 97.78 90 

Sexithiophene  
Single X 
2/16 

  44.930 7.770 6.00 90 90.41 90 

Sexithiophene 
Single X 
4/21 

  45.770 7.990 4.000 90 90.55 90 

 

4.5 Raman Spectroscopy 

Sarah Stranahan performed Raman spectroscopy for the terthiophene produced 

via vapor diffusion.  The excitation wavelength was 642 nm.  See figure 23.  Yurtsever, 

et al, 
16

 stated that the Raman spectra for nT (n being the number of repeating thiophene 

units in the oligothiophene) is localized around 1445 – 1500 cm
-1

.  Peaks are clearly 

present in this area of the spectrum.   
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Figure 23.  Raman spectra for terthiophene produced from vapor diffusion. 

 

As work progresses, the Willets lab will catalogue the Raman spectra for each 

oligothiophene crystal produced.  Differences in morphologies will create shifts in these 

peaks such that any changes or defects can be detected quickly and easily with this 

technique.  Of particular interest will be whether or not Raman can resolve the LT and 

HT morphologies for quarterthiophene and sexithiophene. 
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Chapter 5:  Conclusion 

5.1 Conclusions for the Experimental Work 

Several solvents for the targeted oligothiophenes, terthiophene, quarterthiophene, 

and sexithiophene were found.  Dichloromethane, toluene, and chloroform had the most 

potential. Terthiophene was very soluble in both dichloromethane and toluene; 

Quarterthiophene was soluble in very small amounts, approximately 20 mg or less in 

both.  At best, sexithiophene was partially soluble in dichloromethane and toluene.   

Vapor diffusion, based on the miscibility of two solvents and their vapor 

pressures or boiling points, produced crystals of terthiophene and quarterthiophene but 

never sexithiophene.  Dichloromethane, toluene, and chloroform were used to produce 

saturated solutions of the oligothiophenes.  The second solvent, pentane, was chosen for 

its low boiling point, 36ºC, and because none of the oligothiophenes were soluble in it.   

The best crystals produced were terthiophene with the toluene-pentane 

combination.  Several long well-developed crystals grew.  The other crystals formed were 

either very needle-like, essentially collapsed under their own weight, were opaque, or 

appeared amorphous under the microscope.   

Because terthiophene was so soluble in the chloroform, toluene, dichloromethane, 

and xylene, requirements that the solutions had to be saturated for the vapor diffusion 

experiments with terthiophene were not fulfilled and confusion over why crystals did not 

grow in a repeated experiment occurred.  The oligothiophenes were purchased in one 

gram quantities and when 300 mg or more was needed in 750 µL of solvent, the 

temptation was to use less of the terthiophene.  Saturated solutions are necessary for the 

vapor diffusion to work with the quantities and sizes of tubes and vials being used.   
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Another concern with the vapor diffusion process is choosing a second solvent.  

The dichloromethane-pentane combination produced crystals very quickly, within the 

first day.  The crystals produced of the terthiophene were opaque and unsuitable for X-

ray diffraction.  The boiling point of dichloromethane is 40ºC and for pentane is 36ºC. 

Most likely these boiling points are too close.  A better choice for the second solvent 

would have been hexane, with a boiling point of 69ºC.  The opaque crystals formed most 

likely are the result of nucleation occurring faster than the growth of the crystal.  The 

molecules did not have time to orient correctly. 

The success of recrystallizing the terthiophene came only by increasing the 

temperature of the furnace in 1ºC increments to the melting point of the terthiophene.  

The terthiophene became liquid and crystallized only when the vapor reached the cooler 

portion of the furnace near the opening.  The crystals appear to be promising, but at this 

time, have not been checked for appearance under the microscope or analyzed by X-ray 

diffraction.   

The initial trial with the tube furnace was before the digital controller was 

installed.  The furnace temperature spiked well above the melting point for sexithiophene, 

290ºC.  By the next day, the original orange crystals were charred black, but rings of 

orange then yellow crystals were formed just inside the tube furnace where the 

temperature decreases somewhat due to the surroundings.  The actual temperature of the 

furnace was not obtained at that time.  The yellow crystals appeared mostly amorphous, 

but the orange crystals looked promising under the microscope.  Laudise, et al, and Kloc, 

et al, indicated for the polymorphs of sexithiophene the low temperature (LT) was yellow 

and the high temperature (HT) was orange. The yellow crystals have lower symmetry but  

have nearly double the unit cell volume.
5, 12-14

   Upon better examination of the papers, 



 39  

the recrystallization processes is referred to as vapor deposition.  The temperature is a 

reference to the source temperature in vapor deposition.   

X-ray diffraction becomes the true test of the quality of the crystal.  Obtaining a 

quality crystal for single crystal X-ray diffraction is challenging and frustrating.  Crystal 

appearance to the unaided eye is misleading.  A crystal must be observed under a 

microscope to observe its quality.  Powder diffraction can be attempted when crystal 

quality is poor to compare and confirm the identity (like a best fit) of the substance to the 

known Cambridge database.  Powder cannot give the structural detail of single crystal 

analysis.  Many times the powder samples did not diffract because they were too 

amorphous to provide results.   

Confirmations for the three oligomers were made.  Spectral data was possible 

with effort for the powders, but generally not provided.  Single crystal data, the unit-cell 

parameters, were found for a quaterthiophene vapor diffusion sample, but more likely for 

crystals formed via sublimation.   

The Raman spectrum of the terthiophene vapor diffusion has a relatively simple 

diffraction spectrum, but one in which, if the arrangements of the atoms is defective, the 

change in pattern should be seen quickly and easily.   

5.2  Future Work 

The efforts to grow suitable single crystals of oligothiophenes for X-ray 

diffraction will continue with vapor diffusion and zone sublimation.   Using the solvent, 

dichloromethane, the vapor diffusion should be repeated using hexane as the second 

solvent to determine if the boiling point differences between the two solvents caused the 

crystals for terthiophene to become opaque.  

For each of the potential solvents, DCM, chloroform, and toluene, the solubility 

for the quarterthiophene and sexithiophene should be checked to see if the solubility 
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would increase by increasing the temperature to slightly below the respective boiling 

points.  Vapor diffusion sets should be then be attempted with these solutions.  If vapor 

diffusion experiments are made with terthiophene, saturated solutions must be made for 

crystallization to be possible.   

The zone sublimation is at the point where obtaining crystals for analysis are 

certainly possible and realistic.  The Willets lab will need to synthesize both 

morphologies for the quarterthiophene and the sexithiophene, characterized them  via X-

ray diffraction, and determine if Raman spectroscopy can provide signatures that 

distinguish the LT and HT morphologies. 
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Chapter 6:  Applications to Practice 

The importance of maintaining the lab book is critical in research.  Memory 

cannot be counted on one or two days later and especially weeks later when data 

suddenly looks promising and important.  I have always had my students keep lab books, 

but the lab books were for the final write-ups, not for recording data as they were 

performing the labs.  This will not be the practice for the next school year.  My students 

will be required to use their lab books before, during, and after the labs.  Unfortunately, 

as a teacher, I have been training my students that what goes in the lab book is the 

cleaned-up version of science instead of the reality of thinking and recording 

observations and data in a true science situation.   

In our results-oriented world, experiments which do not produce the desired 

results, are felt to be a failure; however, each experiment, no matter how small or 

unsuccessful it seems, is a clue.  We have to be open to that idea and allow our students 

to learn that “failures” can actually teach us and lead us.   
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