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ABSTRACT 

 

Controlled evaporative self-assembly (CESA) is a technique that has been utilized in 

literature to produce long, ordered ribbons of material on a substrate from an evaporating solvent.  

In particular, it has been shown to be effective at ordering nanoparticles and polymers in this way.  

It involves directing the evaporation of a solvent using capillary forces such that Marangoni flows 

order the deposition of the material on the substrate.  This research focuses on applying the CESA 

method to the growth of charge-transfer cocrystal ribbons on a substrate for facile integration of 

these materials into optoelectronic devices.  A charge-transfer cocrystal is a molecular crystal 

consisting of multiple chemical species that share a small portion of their charge to form a 

donor/acceptor pair resulting in a new charge-transfer energy state.  Charge-transfer cocrystals can 

demonstrate improved optical and electronic properties when compared to their individual 

coformers.  In this research, cocrystals formed from phenothiazine (PTZ) and 7,7’,8,8’ 

tetracyanoquinodimethane (TCNQ) as electron donor and acceptor molecules respectively are 

considered.  PTZ:TCNQ cocrystals were found to readily grow using the CESA method and were 

fabricated into field effect transistors (FETs) in order to measure the charge carrier mobility and 

study the hopping model of conduction in the material.  In addition, perylene:TCNQ and 

phloroglucinol:phenazine cocrystals are formed with the CESA method.  These particular 

cocrystals were chosen due to the multiple number of available stoichiometries that each possesses.  

Cocrystal stoichiometry is most easily determined through x-ray diffraction; however, optical 
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techniques like absorption and Raman spectroscopy are also beneficial depending on sample type.  

When inducing the growth of charge-transfer cocrystals, it can be challenging to control the 

formation of a particular stoichiometry or phase.  However, with the CESA method, this research 

demonstrates that a phase diagram approach for evaporative crystal growth can explain the order 

that these stoichiometries form.  The results of this work can be applied to additional cocrystal 

systems not considered here in order to easily fabricate ordered arrays of materials with unique 

properties. 
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1. Introduction 

Over the past few decades, organic materials have seen a significant increase in research 

and development for both optical and electronic applications.  In general, organic materials have 

been used in photovoltaic devices [1], optical switches [2], and displays [3], the latter representing 

a major success in the field of optoelectronics.  In addition, considerable research has been 

conducted on specifically creating organic field effect transistors (OFETs).  First created in the 

1980s, OFETs are a promising field and are still heavily studied today [4].  With the design of the 

devices fairly well established, research instead focuses on the development of new materials [5, 

6] with a considerable focus on other factors like ambipolar device conduction [6-8]. 

OFETs, like other organic electronic applications, are advantageous compared to inorganic 

transistors in several ways.  Often, they are made from polymers opening the door to flexible 

and/or conformal electronic devices.  They can also be made from lower cost materials through 

simpler fabrication processes than their inorganic field effect transistor (FET) counterparts.  

Finally, their material properties can be heavily controlled through chemical modification.  These 

benefits come with several drawbacks, however.  Their performance as semiconducting materials 

is significantly poorer than traditional inorganic counterparts with charge carrier mobility often 

being several orders of magnitude lower than in silicon.  Nevertheless, their cost and ease of 

fabrication make them a promising field for the advancement of low-cost, disposable or consumer 

friendly electronic applications.  

While much of this work has focused on polymeric materials, small molecular systems 

have also been of great interest.  OFETs originally were fabricated using single crystals of a pure 

organic molecule[9].  In particular, single component molecular crystals, such as pentacene and 
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oligothiophenes, have been investigated and fabricated into good, working OFETs [10].  These 

systems differ greatly from traditional inorganic systems due to the weaker van der Waals or 

charge transfer forces that hold the crystal together.  As the field progressed, further research has 

often focused on more complex systems of organic molecules.  One example that is often utilized 

is the use of these small molecules or nanocrystals as dopants in a polymer matrix[11].  Here, the 

interaction between the molecule and the polymer can improve charge transport through the 

introduction of additional sites for holes or electrons. 

Another example of a more complex system of organic molecules is a cocrystal.  A 

cocrystal, in general, is an ordered material consisting of multiple components.  In this case, the 

repeating components consist of two or more organic molecules.  Cocrystals have seen an increase 

in interest over the past decade particularly due to their applications in the pharmaceutical industry 

[12].  However, cocrystals are also being developed for optical and electronic applications through 

the study of charge transfer (CT) cocrystals.  CT cocrystals are particular cocrystals with molecular 

components that partially share their charges.  Thus, one molecule acts as a partial electron donor 

while the other acts a partial electron acceptor.  The resulting charge transfer interaction has been 

shown in literature to enhance particular cocrystal’s optical and electronic properties when 

compared to the individual coformers. 

In particular, charge transfer cocrystals develop a charge transfer energy state that can be 

observed through the generation of a long wavelength optical absorption band.  This serves as a 

good indicator of whether or not a charge transfer cocrystal has formed and is one of the most 

common optical differences between the cocrystal and the coformers.  However, charge transfer 

cocrystals have also been observed to gain other interesting properties as well depending on the 



3 

 

choice of coformers and structure of the resulting cocrystals.  Particular combinations have been 

found to be metallic or semiconducting [13], superconducting [14], and ferroelectric [15].  Certain 

combinations among those that are semiconducting have been reported in literature to produce 

ambipolar materials with good electron and hole mobilities [16, 17].  Because of this, the practical 

advantage of utilizing cocrystals as a material is the flexibility that can be achieved through varying 

the coformers to produce particular results.  It would be possible to produce materials with varying 

electrical and optical responses by selecting particular coformers and applying comparable 

fabrication methods. 

In particular, this work focuses on CT cocrystals for these very reasons described.  The 

unique optical and electronic properties that the cocrystal gains over the respective coformers 

demonstrates the possibility for this class of materials to be applied to the field of optoelectronics.  

In particular, the cocrystals considered here show near-IR charge transfer absorption bands which 

include wavelengths that are ideal for optoelectronic applications.  Similarly, this work considers 

semiconducting cocrystals that could be usable in electronic applications, for example in 

transistors. 

 There are several methods that have been utilized in literature to induce the formation of 

cocrystals.  Among these are a physical vapor transport method [17] as well as cooling a heated, 

supersaturated solution [18]. Both of these methods have been shown to successfully make large 

crystals over an extended growth period.  Nanoparticle cocrystals have also been easily fabricated 

by prior research at Georgetown University [19] through a process called reprecipitation that 

involves rapidly injecting a solution of coformers into a poor solvent.  Finally, molecular crystals 

have been grown on a substrate through various evaporation methods to induce self-assembly.  
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These techniques are often referred to as a controlled evaporative self-assembly (CESA) method.  

Both the reprecipitation method and the CESA method are considered here. 

 First, this work focuses on cocrystals formed using perylene and 7,7’,8,8’ 

tetracyanoquinodimethane (TCNQ) through the reprecipitation method, as described in Chapter 4.  

This is a system that demonstrates the complexity and difficulty that cocrystalline materials can 

exhibit.  perylene:TCNQ cocrystals form in multiple stoichiometries and polymorphs [20, 21].  

This work demonstrates that it is not necessarily simple to obtain cocrystals of one stoichiometric 

ratio in the reprecipitation process.  Instead, multiple cocrystal stoichiometries are often obtained. 

 Following this, in Chapter 5, the CESA method is explored.  While a number of cocrystals 

can be grown using the CESA method, three in particular are heavily considered in this work.  

These include cocrystals formed from phenothiazine (PTZ) and TCNQ, perylene and TCNQ, and 

finally phloroglucinol (PHG) and phenazine.  While PTZ:TCNQ cocrystals are a remarkably 

simple system with only one known stoichiometric ratio, both perylene:TCNQ and 

PHG:phenazine cocrystals are instead quite complex.  Both systems form crystals of 3 different 

stoichiometric ratios in addition to multiple other polymorphs [20-23].  A model for the 

evaporative growth of these cocrystals is applied to the CESA method and shown to explain the 

different stoichiometric ratios that can appear throughout the sample.  However, at this time the 

effect of additional polymorphs is not considered in this work. 

Finally, through the use of the CESA method, the practical application of the deposited 

arrays of cocrystals in device fabrication is explored in Chapter 6.  PTZ:TCNQ cocrystals are 

produced directly onto a silicon dioxide layer of a silicon wafer for fabrication into working field 

effect transistors.  Despite some challenges of this method, the consistency between devices is 



5 

 

achieved and the material’s charge carrier mobility is measured.  The processes employed here can 

be applied to a variety of other systems for continued study of both this simple deposition method 

and the devices that can be fabricated through its use. 
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2. Background 

2.1 Multicomponent Materials 

 Multicomponent materials are often challenging to fabricate but the improved properties 

that they can gain compared to their individual components are useful to explore.  At the nano 

level, these materials can be created through a variety of formation techniques including the 

production of nanoparticles in a solution.  At the micro to macro-scale, thin films and large crystals 

are often considered.  In both cases, the study of multicomponent materials has opened the door 

for promising applications.  The fields of biomedicine and drug delivery are incredibly focused on 

the research of composite nanoparticles [24]  Further, doping of polymers as well as the study of 

molecular cocrystals has allowed for improved electrical properties in organic conductors [25]. 

 While the benefits of multicomponent materials are often great, the increased complexity 

of their formation tends to be the challenge involved in their fabrication.  In general, adding a 

second material to the formation tends to complicate the formation of the material through the 

addition of other stable phases that can occur.  It can become very difficult to order the components 

throughout the system in a desired configuration.  For example, one may want to encapsulate one 

polymer with another to control the surface interactions of that material.  Alternatively, as 

primarily considered in this work, a well-mixed system can be forced to grow a multicomponent 

cocrystal instead of individual crystals of each component.  This added complexity has created an 

interesting field of study involving the formation and growth of desired multicomponent phases.   

 Phase transitions play an integral role in the formation of the multicomponent crystals 

considered in this work.  In general, a phase transition occurs when the external conditions to the 

system have made the current equilibrium state energetically unfavorable.  The molecular 
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components of the system then reorient themselves to a new state that is energetically stable at the 

new conditions without a change in chemical composition.  Often, these external parameters are 

either the temperature or the pressure of the system [26]. 

Phase transitions in a pure material generally refer to the three states of matter, a solid, a 

liquid, and a gaseous phase.  In order to transition between these phases, a period of phase 

separation must occur during which a high concentration and low concentration phase are 

developed.  For an example like water, a gaseous water vapor phase that is slowly cooled at a 

constant pressure will eventually come to a point where the vapor is no longer stable.  A phase 

separation will begin to occur in this scenario as water molecules condense into high concentrated 

droplets that separate from the low concentration vapor [26].  Eventually, the phase transition is 

complete for the system when a pure liquid phase exists in equilibrium with the vapor phase.  A 

similar transition to a solid phase could be achieved by further cooling. 

  This example of phase separation in a single material is very similar to what occurs for a 

solute dissolved in a solvent.  The system is initially in a state where the solute is fully dissolved 

and randomly dispersed throughout the solution.  Nucleation and growth of a solid phase can be 

achieved, as before, by changing the external parameters of the solute [26].  This is often done by 

either decreasing the temperature of the solution or adding a miscible antisolvent to the solution in 

order to lower the solubility of the material.  A phase separation then occurs resulting in regions 

of high and low concentration.  In the regions of high concentration, a solid phase is eventually 

energetically favorable resulting in precipitation. 

 A simple phase diagram can be constructed like the one shown in Figure 1 involving a plot 

of temperature versus concentration.  It consists of two curves representing the binodal and 
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spinodal lines for the system.  These lines mark the barriers between the fully dissolved 

homogeneous, metastable, and unstable regions of the solute.  The binodal line, shown in blue in 

Figure 1, is the barrier between the single phase and multiphase regions.  Similarly, the inner 

spinodal line, shown in red, separates the metastable and unstable regions.  For a given 

concentration, a solution that is at a temperature above the blue line in the diagram will be fully 

dissolved.  A solution that is between the binodal and spinodal curves will be in a metastable state.  

Nuclei above a certain critical size will be stable and grow, but those below this size are not 

kinetically stable and will dissolve.  Finally, at points below the red spinodal curve, the formation 

of a solid phase is kinetically stable and will always form. 

 

 

Figure 1: Phase diagram for a single component in solution. On the horizontal axis is the 

concentration of the solute in the solvent while the vertical axis is the temperature.  The blue curve 

is the binodal line while the red is the spinodal line. 

 

 When additional components are present, higher dimensional phase diagrams are required 

in order to explain the system.  For example, the relationships between a solute, solvent, and 

miscible antisolvent can be depicted using a ternary phase diagram as shown in Figure 2.  This is 
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a case that might occur when a miscible antisolvent is added to a solution in order to force the 

nucleation and growth of a solid phase of the solute.  Such a diagram shows the thermodynamically 

stable forms for a given temperature.  Each side of the triangle is an axis representing the relative 

concentrations of solute, solvent, or antisolvent.  Again, the spinodal and binodal lines appear 

representing the transitions between a homogeneous phase and one containing metastable or stable 

precipitates.  Within the spinodal region, subsequent solid phases may be possible.  In particular, 

for polymers, glass transitions could occur as the polymer reorganizes itself as the amount of 

solvent in the system decreases.  The tie lines reflect the paths that maintain the same ratio of good 

solvent to poor solvent as the respective values of either change. 

 

 

Figure 2: Ternary phase diagram for a polymer in a mixture of a good and poor solvent. The 

lowest region in the diagram represents a phase in which the polymer is fully dissolved.  Then, the 

binodal and spinodal lines represent the beginnings of a metastable/stable transition.Further 

complications like glass transitions can also be represented on these types of diagrams. 

 

Additional physical parameters that describe phases, such as grain size within a solid for 

example, are dependent upon the speed at which these phase transitions occur.  If the system is 

given time to fully explore its phase space, then a more homogeneous growth over large scale can 

occur.  An example of this would be a slow addition of a miscible antisolvent to a well dissolved 
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molecular solution to promote large crystal growth.  In contrast, a rapid addition of miscible non-

solvent would result in nanoparticle formation as described in the reprecipitation method in section 

2.4.  Many formation processes use rapid phase transitions, such as through quenching, in order to 

lock in particular phase properties. 

When a second type of solute is added, the system then becomes even more complicated.  

It would have to be described most properly with a quaternary phase diagram consisting of two 

solutes, a solvent, and an antisolvent.  Despite this, a ternary phase diagram approximation can 

still lend meaningful insight into the processes that occur during a phase transition as both solutes 

can be thought of as forming a joint solid phase.  An example in this work of a system that would 

be described this way is the perylene:TCNQ cocrystal nanoparticles discussed in Chapter 4. 

In cases of multicomponent systems that possess only one solvent with no antisolvent but 

instead have multiple solutes that can form a joint solid phase (e.g. a cocrystal), it can instead be 

useful to describe these systems with a phase diagram that plots the solubility of both components 

versus each other.  In these cases, it is possible to plot the solubility of each component as well as 

the solubility of any joint phases that they may form in order to understand the order in which 

nucleation and growth will occur in various systems.  These types of phase diagrams become 

progressively more complicated as the number of stable possible stoichiometric combinations of 

the two solutes increases.  Further discussion of how these phase diagrams can be applied in this 

work is discussed in Chapter 5. 
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2.2 Charge-Transfer Cocrystals 

 A cocrystal, in a general sense, is a solid crystalline material consisting of multiple 

components that are joined together in the solid phase in a periodic and ordered configuration.  It 

is therefore a name meant to describe a wide variety of multicomponent crystalline materials that, 

either due to their stoichiometric ratios or the interaction between the components, do not fit into 

the categories of either a solvate or a simple salt [27].  The individual components that make up a 

cocrystal are referred to as coformers and are usually weakly held together through hydrogen 

bonding, Van der Waals forces, or charge transfer interactions.  The molecular cocrystals that are 

considered in this work are all most appropriately described as charge transfer cocrystals due to 

the charge transfer interaction that occurs between the molecules.  These types of charge transfer 

interactions can occur in both organic and inorganic materials. 

 The charge transfer interaction is an interesting interaction to explore due to the effects that 

it has on the properties of a crystalline material.  When two molecules join together via the charge 

transfer interaction, they are often referred to as charge transfer complexes (CT complexes) or 

electron-donor-acceptor complexes.  As the latter name suggests, the charge transfer interaction 

consists of a partial donation of an electron from one component to another.  The component that 

loses a portion of its electronic charge is referred to as the donor.  Similarly, the component that 

receives the charge is called the acceptor.  This donation of a fraction of electronic charge produces 

a weak electrostatic force between the donor and acceptor molecules that stabilizes the pair into a 

complex.   

 The charge transfer interaction can be explained in organic molecular compounds by 

considering the fact that the overlap (transfer integral) between adjacent molecules is small 
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compared to other energies in the system and can be neglected.  In short, electrons are highly 

localized onto their corresponding molecules.  Torrance et. al. describe the dominant energies in 

the system to be the cost of ionizing a donor-acceptor pair and the electrostatic Madelung energy 

gained if the molecular lattice is ionic [28].  The cost of ionizing the donor-acceptor pair is given 

by the difference between the ionization potential of the donor, I, and the electron affinity of the 

acceptor, A.   Further, the Madelung energy is given by α〈e2/a〉 where α is the Madelung constant 

and the remaining term in brackets represents the averaged electrostatic interaction between a 

neighboring donor and acceptor molecule with e and a being the charge and separation distance 

respectively.  The total energy of the donor-acceptor pair is therefore taken to be given by the 

following equation: 

ETot(p) = (I − A)p −  α〈e2/a〉p2 (Eqn. 1) 

 In this equation, p is defined as the degree of charge transfer between the donor and 

acceptor molecules.  The values of p are constrained such that 0 ≤ p ≤ 1 with 0 indicating no charge 

sharing and a value of 1 indicating a full charge transfer.  Rather, a p value that is precisely 0 with 

the term (I – A) dominating reflects a neutral solid while a p value of 1 with the Madelung energy 

dominating reflects an ionic compound.  For a scenario where a weak charge transfer has occurred, 

p is close to zero and the energy cost for ionizing the donor-acceptor pair dominates.  Similarly, if 

a strong but partial charge transfer were to occur, p would approach 1 leading the Madelung energy 

term to dominate. 

 The value of p can be estimated using Raman spectroscopy, as demonstrated by Matsuzaki 

et. al. in their work considering salts of 7,7’,8,8’ tetracyanoquinodimethane (TCNQ) [29].  In their 

work, they demonstrated that shifts in particular vibrational modes that were present in the TCNQ 
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molecule corresponded to the degree of charge transfer that had occurred.  They did this by 

considering the Raman spectra of pure TCNQ crystals, partially charge sharing TCNQ compounds, 

and fully ionized TCNQ salts and found that the C=C stretching mode could vary up to 60 cm-1 

(~0.01 eV) depending on the degree of charge transfer.  For comparison, the compounds in this 

work that consisted of TCNQ possessed a shift in the Raman spectrum that was less than 10 cm-1 

(~1 meV) corresponding to, based on Matsuzaki’s work, a value for p less than ~0.1.  Therefore, 

many of the compounds considered here possess only weak degrees of charge transfer. 

 Returning to the work of Torrance et. al. [28], a variety of cocrystals are considered in their 

work, including the perylene:TCNQ cocrystal that is studied in this work in Chapters 4 and 5.  

Their work demonstrates the validity of this energy model through a variety of different cocrystal 

systems.  They note that values for I and A in Equation 1 are often approximated by the difference 

between the oxidation energy of the donor and the reduction energy of the acceptor with an 

additional constant term representing the solvation energy of the donor-acceptor pair.  This is given 

by Equation 2. 

(I − A) =  ∆Ered/ox +  ∆G (Eqn. 2) 

Further, in all the organic compounds that that they do consider, they note that the 

Madelung energy differs only by a few tenths of an electronvolt between each compound.  It can 

therefore be approximated, along with ΔG, to be roughly constant from compound to compound.  

However, ΔERed/Ox can vary strongly with values for the compounds considered in their work 

ranging from -0.5 to 2.5 electronvolt.  Therefore, the value of ΔERed/Ox that is used to approximate 

I – A is the primary factor that influences the total energy of one donor-acceptor pair versus 

another. 
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 According to Torrance, a new ground state for the donor-acceptor pair is formed in the 

charge transfer interaction [28].  This intermediate electronic ground state is a state in which the 

base configuration of donor and acceptor molecules is very nearly D0A0 (or more accurately for 

some of the weak charge transfer interactions considered in this work D0.1A-0.1).  The lowest energy 

excitation in this solid compound corresponds to completing the transfer of an electron from the 

donor to its neighboring acceptor (a D+A- state).  The energy, hνCT, of this new charge transfer 

transition is given by Equation 3. 

hνCT = (I − A) −  〈e2/a〉 (Eqn. 3) 

The charge transfer transition is most readily seen experimentally in the absorption spectra 

of charge transfer cocrystals.  This new electronic excitation tends to manifest in the absorption 

spectrum as a strong and very broad absorption band at a lower energy than the absorption of either 

coformer.  For many organic charge transfer cocrystals, this is therefore in the visible to near-IR 

wavelength region.  This band is readily apparent, for example, in the phenothiazine:TCNQ 

cocrystal compound absorption spectrum shown in Figure 3.  In this figure, it can be seen that the 

individual phenothiazine and TCNQ absorption spectra possess peaks at around 325 nm (3.8 eV) 

and 400 nm (3 eV) respectively.  However, the cocrystal absorption spectrum possesses aspects of 

both of these absorption bands, despite them being slightly shifted due to the perturbed energy 

levels.  In addition, the cocrystal also develops a large charge transfer absorption band that peaks 

at ~1550 nm (~0.8 eV).  The presence of this pronounced absorption band indicates that a new 

state has been formed in the crystal. 
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Figure 3: Example charge-transfer cocrystal absorption spectrum.  A cocrystal form of 

phenothiazine and 7,7’,8,8’ tetracyanoquinodimethane (TCNQ) is shown in blue.  In red and green 

are also shown the absorption spectra of phenothiazine and TCNQ respectively.  The extended 

near-IR absorption band in the cocrystal compound is indicative of a new energy state in the 

cocrystal that has occurred. 

 

2.3 Reprecipitation Method 

In general, a facile method for inducing a solid phase to form from a molecular solution is 

through the addition of a miscible non-solvent.  Techniques for applying this to the formation of 

nanoparticle dispersions have been studied for at least the past four decades and have been called 

various names.  Some examples are micronization [30], flash nanoprecipitation [31], solvent 

shifting [32], and the reprecipitation method [33].  The latter name is what it shall be called 

throughout this work. 

Often, the addition of the non-solvent is accomplished through a rapid injection process in 

order to create the nanoparticles in solution.  The rapid injection of a solution into a miscible poor 
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solvent immediately decreases the solubility of the solute and pushes the system into a region of a 

high degree of supersaturation.   The formation of the solid phase often can be described through 

a nucleation and growth mechanism.  The initial formation of solid nuclei reduces the degree of 

supersaturation.  Then, the reduction of the supersaturation prevents further nucleation and particle 

growth gradually slows [34].  The result is often a uniform dispersion of metastable particles with 

narrow size distributions.  Typical particle sizes consist of diameters that can range from 10s to 

100s of nanometers depending on the experimental conditions and materials used. 

The reprecipitation method has been used extensively in industrial processes for the 

production of nanoparticle suspensions with narrow size distributions [35].  It has also been shown 

to work well for applications requiring nanoparticles of a single molecular component.  For 

example, nanoparticles of various polymers (e.g. polystyrene) are easily preparable using the 

reprecipitation method [36].  It has also been demonstrated to be highly applicable to the formation 

and growth of single component molecular nanocrystals.  Nanocrystals of materials such as 

anthracene [37] and phthalocyanine [38] have also been prepared. 

More recently, research has begun to demonstrate that this technique can be adapted for 

the formation of multicomponent nanoparticles as well.  Prior research at Georgetown University 

involved the study of nano-cocrystal formation using reprecipitation [39, 40].  However, this is a 

an example of a quaternary system (two coformers, a solvent, and a nonsolvent) with a more 

complex phase diagram due to the addition of the non-solvent and the possibility of interactions 

between the components.  For polymers, the components may blend or phase separate depending 

on the reprecipitation conditions.  Further, cocrystalline solids may also be formed if the molecules 

are compatible and multiple cocrystal stoichiometries and phases may be possible to obtain. 
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Whether or not a multicomponent solid will form is difficult to predict.  Many factors play 

a role in determining the partitioning of the components and the stability of the outcome of the 

process.  These include the concentration of the coformers, the solubility of the individual 

coformers in each solvent, the temperature of the system, and the mixing conditions used during 

the reprecipitation process.  All these factors play a role in generating the distribution of particle 

sizes, stoichiometries and morphologies that are produced through this method.  In particular, the 

factors that will be most heavily considered during this work are the relative concentrations of the 

coformers in a solution and the mixing conditions that are applied to reprecipitation. 

A diagram of how one would normally make reprecipitated nanoparticles is shown in 

Figure 4 and described as follows.  First, each coformer would be fully dissolved individually in a 

good solvent.  These two solutions are then combined into one at a desired stoichiometric ratio.  

Finally, an aliquot of this new solution is taken and rapidly injected into a miscible poor solvent.  

Finally, the dispersion is allowed for sit for several minutes while being stirred.  During this 

process, the solution has become cloudy, indicating nanoparticle formation has occurred. 

 

Figure 4: Depiction of the reprecipitation process.  An aliquot of a molecular solution is rapidly 

injected into a stirring miscible non-solvent.  Over time, a nanoparticle precipitate forms. 

 

Miscible non-solvent 

Molecular solution 
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Once reprecipitation has been performed, the system can either be analyzed in solution, 

often through absorption spectroscopy or dynamic light scattering, or the particle dispersion can 

be extracted through drop casting, vacuum filtering, or freeze drying.  This produces a nanoparticle 

powder that can be studied with techniques like powder x-ray diffraction.  These three methods of 

extraction are all useful in various ways.  Drop casting applies the dispersion to a microscope slide 

for analysis.  Vacuum filtering attempts to collect the particles using filter paper for extraction.  

While removing the particles from filter paper can result in loss of a portion of the sample, vacuum 

filtering is a rapid technique for producing a dry sample of nanoparticles.  Finally, freeze drying 

consists of submerging a sealed sample of the nanoparticle dispersion in liquid nitrogen to flash-

freeze the material.  Then, the sample is placed under vacuum and the liquid is allowed to sublime 

until only a powder remains.  Unfortunately, the drawback to all of these extraction methods is the 

inability to readily control the deposition location or orientation of the nanoparticles. 

 

2.4 Controlled Evaporative Self-Assembly Method 

While the reprecipitation method is an effective way for inducing the formation of 

multicomponent nanoparticles, the method produces a dispersion in solution that can make 

extraction of the nanoparticles difficult.  Further, the deposition of the nanoparticles onto a 

substrate for the fabrication of electronic devices is difficult to control.   In looking for alternative 

methods, much research over the past decade has been devoted to exploring material deposition 

directly onto a substrate from an evaporating solution.  These techniques cause the self-assembly 

of the material directly onto a substrate and can be tuned to produce highly ordered arrays of solute.  
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By achieving ordered depositions of material onto a substrate, organic materials can be more easily 

integrated into electronic devices. 

In particular, these techniques have been applied to polymeric materials.  Ma et. al. 

observed formation of ordered arrays in a drop cast solution [41].  Their work focused on gold 

nanoparticles dispersed in a polystyrene film.  They drop cast solutions of these solutes and noted 

two different stages of the evaporation process.  The first stage consisted of the well-known 

phenomenon of the coffee-ring effect.  Initial capillary flow in the droplet during evaporation 

pushed solute radially outward.  The contact line (the edge of the solution that recedes as it 

evaporates) only receded at a slow rate during this first stage of evaporation.  This resulted in a 

large quantity of material being deposited in a ring around the edge of the droplet.  However, after 

the evaporation had progressed for a bit, what they observed was that the contact line began to 

recede at an increased speed.  During this second stage of evaporation, material no longer followed 

the coffee-ring effect.  Instead, it was deposited in radial lines.  The resulting pattern of deposited 

material appeared to be a wheel with spokes: an outer ring due to the coffee ring effect and inner 

radial lines that formed perpendicularly to the retreating contact line. 

This second stage of evaporation that they observed was due to what is known as the 

Bénard-Marangoni effect.  During the first stage, the contact line is effectively pinned at a 

particular region as the coffee ring effect dominates.  It is only capable of retreating slowly due to 

evaporation and material is consistently being deposited.  Over time, a large surface tension 

gradient is produced in the solvent due to the evaporation occurring at the contact line.  At this 

point, the Bénard-Marangoni instability is triggered.  This effect reverses the outward flow of 

solvent and releases the contact line from its slow evaporation.  Evaporation speeds up and 
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convective flows occur in the solvent that no longer push solute outward but instead cycles it 

radially.  The pathways throughout which the solute travels are ultimately preserved on the 

substrate due to the rapid evaporation of the solvent and ordered patterns are formed. 

Whether or not this response occurs is given by the Marangoni number as defined in 

Equation 1.  The Marangoni number is a dimensionless parameter that depends on the ability for 

a solute to flow through a solvent that is pooled and slowly evaporating on a substrate.  In this 

equation, γ is the surface tension in the liquid and its derivative is taken with respect to temperature.  

Additionally, ρ is the liquid density, v is the liquid’s kinematic viscosity, and k is the liquid’s 

thermal diffusivity.  ΔT is the difference in the temperature between the lower plane of liquid in 

contact with only the substrate and the free surface at the top of the evaporating liquid that is open 

to the air.  Finally, h is the thickness of the evaporating liquid film.  Thus, this type of flow can be 

induced spontaneously as a result of the solvent parameters ρ, v, and k or forced by varying ΔT 

through heating the evaporating upper surface of the liquid, for example with a heat lamp, or 

cooling the substrate with a heat sink. 

Ma =  − 
∂γ

∂T
⁄  ΔT h

ρ v k
 (Eqn. 4) 

Marangoni flows occur for systems where the Marangoni number is above a critical value.  

This critical value for the onset of Marangoni flows is often challenging to determine exactly due 

to the experimental difficulty of varying the fluid parameters, such as surface tension.  When it is 

possible to calculate it, the critical number tends to be approximately Mac = 80 [42] but in practice 

it can vary from system to system [43].  In fact, it can often be hard to determine the Marangoni 
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numbers in general due to the difficulty of measuring the variation of the surface tension versus 

temperature despite the readily apparent appearance of the effect in experimental work. 

Though exact values are hard to determine, the parameters in the Marangoni number can 

still be used as tools to predict what systems will exhibit these types of flows.  In the case of room 

temperature evaporation, h and ΔT would be comparable values for different solvents.  A ΔT of 

1-2 °C would be expected while h at the receding contact line should be on the order of 10 µm.  

While a value of the surface tension can be hard to predict, if it can be assumed that it does not 

vary much for similar systems, then Marangoni flows are most heavily determined by the 

denominator of the Marangoni number.  This knowledge can guide the selection of solvent 

alternatives if a viable solvent is already determined.  For example, in this work acetone (ρ = 784 

kg/m3, v ≈ 4.7x10-7 m2/s, and k ≈ 8.3x10-8 m2/s) is used heavily and exhibits these flows.  Alternate 

solvents that should work well would have comparable values and look to minimize the 

denominator of the Marangoni number.  If minimization of the denominator is not possible, then 

Equation 1 also predicts that the Marangoni effect would be seen through increasing ΔT.  This 

could be done through an apparatus that involves a temperature controlled substrate with a heat 

lamp placed above the drying solvent in order to produce a temperature gradient throughout the 

liquid.  

While Ma et. al observed the effects of the Marangoni effect during drop casting, 

significant further research has been performed using specialized setups to better control the fluid 

flow.  Marszalek et. al. for example called their method the “zone-casting technique.”  To perform 

this technique, they devised a rig consisting of a moving platform on which a substrate is secured 

[44].  A nozzle is mounted directly above this platform and allows a small amount of fluid to 
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slowly flow.  As the substrate is moved away from the nozzle, at the contact line of the liquid, 

gradients of temperature and concentration are created.  In this regime, the concentration increases 

as the liquid evaporates and molecular mobility decreases until ordered structures begin to be 

formed with the Bénard-Marangoni effect dominating. 

Similar experimental setups have also been explored by other research groups.  Patel et. al. 

for example keep their substrate stationary but move an angled blade slowly across it similar to 

blade coating [45].  Other researchers have utilized temperature-controlled setups with a cooled 

stage and a heat lamp placed over evaporating liquid to induce the Bénard-Marangoni effect.  

Finally, Han et. al. refers to this process as controlled evaporative self-assembly and describe 

several setups involving a stationary blade mounted over a substrate [46].  The solution is deposited 

in the gap between the blade and the substrate and allowed to evaporate.  Capillary forces in the 

liquid force the evaporation direction to be from the wide end of the gap towards the narrow end 

of the gap while the Bénard-Marangoni effect produces ordered parallel depositions of material. 

Throughout this research, my application of this self-assembly method will be similar to 

the one described by Han et. al.  For this reason, I adopt their naming convention and call it the 

controlled evaporative self-assembly (CESA) method.  Instead of a blade placed over a substrate, 

I use a glass rod with a diameter of 8 mm.  The material to be deposited is dissolved in a good 

solvent.  Often, acetone is used however acetonitrile and tetrahydrofuran have also been used.  

Then, a small amount of the acetone solution is deposited directly on top of the glass cylinder 

where it flows due to surface tension and pools in the two gaps on either side of the cylinder 

between the glass and the substrate.  The surface tension between the solvent and the glass cylinder 
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forces the direction of the evaporation to be radial with respect to the glass cylinder, as shown in 

Figure 5. 

 

 

Figure 5: Description of the CESA method.  First, in the top diagram, solution is deposited onto 

a glass cylinder on top of a substrate.  Crystal nucleation begins at the receding contact line.  Then, 

as bottom diagram shows, crystals continue to grow as the solution contact line recedes until all 

solvent is evaporated and only solute remains. 

  

An example of cocrystals grown through this method can be seen in Figure 6.  Acetone 

was used as a solvent for phenothiazine (PTZ) and 7,7’,8,8’-Tetracyanoquinodimethane (TCNQ).  

The resulting crystals are ~1 µm in diameter and cover a horizontal density of ~150 crystals/mm.  

The blurred section at the top of the image is the solution line continuing to recede towards the 

glass cylinder. Initial nucleation of the crystals is random however the crystal growth is overall 

fairly well-aligned and easily integrable with electrodes for practical applications.  Despite this, 

branching does still occur most likely due to crystal defects in the growth process or contact line 
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pinning. Further, depending on the diameter of the glass cylinder used, the crystals can be 

deposited over lengths of hundreds of microns meaning that they can easily be grown over rather 

large portions of a substrate.  The crystal thickness was determined with atomic force microscopy 

to be ~100 nm, as also shown in Figure 6.  As a result, the crystals are more appropriately described 

as “ribbons” due to their flattened shape.  This ribbon deposition is consistent with the polymer 

ribbons seen by Ma et. al. [41]. 

 

Figure 6: CESA grown PTZ:TCNQ cocrystals with AFM image. Left: an example of 

PTZ:TCNQ crystals grown flat on a glass microscope slide by the CESA method.  Right: atomic 

force microscopy image of the grown cocrystals showing their height of ~100 nm. 

  

The CESA method will be used throughout this work in two ways.  First, in Chapter 5, it 

will be analyzed using phase diagrams.  While the CESA method has been extensively applied to 

single component molecular and polymer systems, it will be shown here to work with 

multicomponent molecular crystals.  Clear transitions between crystal phases can be observed 

throughout the CESA process and will be explained with a simple phase diagram approach that 

should lead to a better understanding of how this process can be applied to more complicated 
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systems.  Second, in Chapter 6, the CESA method will be applied extensively to the production of 

PTZ:TCNQ cocrystals for use in organic electronic devices.  Overall, the CESA method will be 

demonstrated to be an incredibly useful process in order to form oriented cocrystals. 

 

2.5 Donor/Acceptor Molecules Considered 

 Throughout this work, in looking at the formation of cocrystals, 7,7’,8,8’-

tetracyanoquinodimethane (TCNQ) is most often used as an electron acceptor.  It is a commonly 

used dopant in a variety of electronic fields due to its high electron affinity, making it a very strong 

organic electron acceptor.  In conjunction with TCNQ, both perylene, in Chapters 4 and 5, and 

phenothiazine (PTZ), in Chapters 5 and 6 are used as electron donors in charge transfer 

compounds.  In addition, phloroglucinol (PHG) and phenazine are also considered in Chapter 5 

due to the variety of cocrystal stoichiometric ratios that are possible with these compounds.  The 

molecular structures of these coformers are shown in Figure 7.  Throughout this work, charge 

transfer compounds will be referred to as donor:acceptor. 

 Despite these specific donor and acceptor molecules being chosen for this work, a variety 

of molecules can indeed form charge transfer cocrystals and are applicable to the techniques 

discussed here.  Cocrystals of anthracene:TCNQ and phenoxazine:TCNQ have both synthesized 

using the reprecipitation method by other members of the Van Keuren lab group.  Similarly, I have 

grown cocrystals of hexamethylbenzene:chloranil, perylene:pyromellitic dianhydride, and 

phenoxazine:TCNQ through the implementation of the CESA method.  Many, but not all, of these 

coformers join to form an equal stoichiometric ratio cocrystal phase.  This phase consists of 

alternating stacks of planar donor and acceptor molecules and result in the long, needle like crystals 
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that can be seen in Figure 8.  Additionally, in Figure 9, the unit cell of PTZ:TCNQ cocrystals is 

shown using lattice parameters a = 7.08, b = 25.38, c = 10.51, α = γ = 90°, β = 92.1° as reported in 

literature [47] in order to demonstate how these molecules stack in an equal stoichomeetry 

cocrystal. 

 

Figure 7: Several usable donor and acceptor molecules  Some example donor and acceptor 

molecules that can form charge-transfer cocrystals are shown. Included here are perylene, 

phenothiazine, phloroglucinol, phenazine, and TCNQ which are discussed heavily throughout this 

work.  Despite this, other molecules like phenoxazine and anthracene have also been usable 

electron donors while pyromellitic dianhydride (PMDA) is a suitable electron acceptor. 
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Figure 8: Examples of other cocrystal systems formed using the CESA method.  Top left is 

hexamethylbenzene:chloranil, top right is perylene:pyromellitic dianhydride, and bottom center is 

phenoxazine:TCNQ. 

 

 

Figure 9: Example of the PTZ:TCNQ unit cell from the Cambridge Structural Database. 
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2.6 Traditional Field Effect Transistor Design 

 A transistor is an electrical component designed to control a current.  A field effect 

transistor (FET) is one type of transistor in which an electric field is used to facilitate either electron 

or hole conduction resulting in an increase to the device’s current flow.  As such, it can be used as 

a switch since two states are created: one “off” state in which either a low current or no current 

flows and one “on” state in which a much larger current is present. 

 While an FET is obviously a useful device for the modern semiconducting industry, it is 

also a meaningful scientific tool.  Fabrication of a FET can provide useful insight into the 

semiconducting properties of an unknown material.  The FET response that is measured can 

provide an estimation of the carrier mobility of the semiconducting material as well as the 

conduction mechanisms at work in the material.  It is for this purpose that FETs are employed in 

this work.  In this section, an overview of traditional silicon based FET design will be given as 

well as how these ideas apply to the organic FETs that will be considered in this work. 

A traditional silicon based field effect transistor is often fabricated in the MOSFET (metal 

oxide semiconductor field effect transistor) configuration that is shown in Figure 10.  In one of 

these devices, an either electron or hole rich substrate is used [5].  This can be achieved through 

doping during the silicon growth process with an element that is has either one greater or fewer 

valence electrons than a silicon atom.  Regularly, boron is used as a positive dopant (creating a p-

type substrate) while phosphorous is used as a negative dopant (creating an n type substrate).  Then, 

sections of the doped silicon are etched away and two oppositely doped regions are deposited in 

order to form the channel through which conduction will occur.  On top of this, an insulating layer, 

commonly silicon oxide, is deposited.  The oxide is etched away from all regions besides the 
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channel length and electrodes are finally applied onto the oppositely doped regions for the source 

and drain contacts and directly onto the oxide for the gate contacts. 

 

Figure 10: Traditional silicon based n-type field effect transistor design.  A layer of p-type 

doped silicon is used in conjunction with two oppositely doped regions to produce a channel.  

Without outside influence, minimal to no current would flow through this channel.  However, the 

application of a third, insulated gate electrode allows for an electric field to be produced that draws 

additional electrons to the interface between the silicon and the silicon oxide insulator.  This results 

in current flowing through the channel and the “switch” being “on”. 

 

 In Figure 10, a p-type silicon substrate is considered as an example meaning that two 

electron rich n-type regions are attached to the source and drain electrodes.  A voltage would be 

applied across the source and drain contacts.  At this point, ideally no current flows between the 

electron rich n-type regions though some amount of leakage current could occur.  Then, a voltage 

is applied to the gate electrode.  This creates an electric field in the p-type silicon channel as in a 

capacitor due to the insulating layer inhibiting conduction.  Applying a negative voltage produces 

a negative electric field between the gate electrodes.  In this case, free electrons are driven away 

from the channel and any leakage current ceases to flow due to low electron density.  The device 
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at this point is “off”; despite a voltage across the source and drain electrodes, no current is able to 

flow. 

In contrast, a positively applied voltage produces a positive electric field at the gate 

electrode.  This electric field draws free electrons into the channel and towards the silicon/silicon 

oxide interface.  The increase in free electrons in this region allows for current to flow.  Further 

increasing the applied gate voltage continues to increase the number of electrons in the channel 

and thus increases the current until no further electrons can be drawn into the region.  At this 

voltage, the device saturates and reaches its maximum “on” state.  In this way, the gate voltage 

acts as a switch by modulating current flow from zero to a maximum value. 

Two approaches can be used to analyze a MOSFET’s response to applied voltages.  The 

first involves applying multiple fixed gate voltages (Vg) and sweeping the source-drain voltage 

(VSD) until the device saturates and no further variation of the source-drain current, ISD, is 

observed.  The second involves applying a fixed VSD and sweeping VG until the same saturation 

occurs.  In practice, this second method is most often used as it is simpler and only requires one 

measurement to be made.  Examples of these transit curves can be seen in Figure 11 for an n-type, 

p-type, and ambipolar FET.  These refer to FETs with primarily electron conduction, primarily 

hole conduction, and both electron and hole conduction respectively.  This is represented in transit 

curves by an increase in the current for either a positive/negative applied gate voltage for an n-

type/p-type device due to the primarily electron/hole charge carriers.  An ambipolar response is 

simply an increase in current for both a positive and negative gate voltage due to the availability 

of both electrons and holes to conduct in the material.  Ambipolar responses are most often 
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observed in FETs that are fabricated using semiconducting layers with comparable hole and 

electron mobilities. 

 

Figure 11: Example ideal transfer curve shapes.   Shown are n-type (top-right), p-type (top-left) 

and ambipolar (bottom center) transfer curves.  N-type and p-type devices produce increases in 

source-drain current for positive and negative applied gate voltages respectively.  An ambipolar 

device responds meaningfully but usually unequally for both a positive and negative applied gate 

voltage. 

 

 

 For either p-type or n-type transfer curves, if VSD is small relative to VG, there is a region 

for low VG (close to 0 V) in which the device’s response can be approximated to be linear.  In this 

case, the source-drain current, ISD, is given by Equation 5.  In this equation, µ is the charge carrier 

mobility for either holes or electrons.  Further, CA is the capacitance per unit area between the 

semiconducting material and the gate electrode while W and L are the length and width of the 

semiconducting channel.  Considering the derivative of ISD with respect to VG in order to find the 
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slope dISD/dVG of this region and solving Equation 3 for µ produces Equation 6.  Thus, an 

approximation of the mobility can made using the linear region of the transfer curves and given 

the physical parameters of the OFET. 

 ISD =  μ CA  
W

L
(VGVSD −  

VSD
2

2
)   (Eqn. 5) 

μ =  
𝑑𝐼𝑆𝐷

𝑑𝑉𝐺
 

L

C𝐴 W VSD 
  (Eqn. 6) 

Many modifications to the original MOSFET design have been made over the years, one 

of which involves focusing the modulation of the devices on the Schottky Barrier that occurs 

between metal electrodes and the semiconducting layer in the device.  In all scenarios where a 

metal and a semiconducting material are brought together, a potential barrier will occur at the 

interface that must be overcome in order for conduction to occur.  This Schottky barrier forms 

because of the mismatch between the Fermi level of the metal and the conduction band edge of 

the semiconductor.  An applied electric field from a gate electrode is able to modulate the Fermi 

level until tunneling through the Schottky barrier can occur and the device turns “on”.  This device 

style is often seen in research topics such as carbon nanotube FETs where inherently 

semiconducting materials are directly connected to metal electrodes. 

These two concepts of traditional FET design have influenced more modern research on 

organic FETs (OFETs).  Research on OFETs began in the 1980s and has grown into a promising 

field of electronics.  Organic semiconducting materials have distinct advantages compared to their 

inorganic semiconducting counterparts.  Among these advantages are often the physical flexibility 

of the materials, the simpler fabrication processes, and the low material and fabrication costs.  One 

reason that fabrication costs can be reduced is the fact that organic semiconductors can often be 
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deposited by simple spin-coating or other solution-based deposition processes that are often more 

easily accessible than traditional cleanroom processes.  Their electrode configurations are often 

referred to as “thin film transistor configurations” despite underlying physics that is similar to 

traditional silicon based designs [5]. 

 These film transistor configurations consist of a large conductive substrate on which an 

insulating layer is deposited in order to from a gate electrode.  While flexible organic options do 

exist for this layer, for research purposes it is often a silicon/silicon oxide layer due to the 

availability and convenience of silicon wafers.  On top of this gate electrode, an intrinsically 

semiconducting material is deposited.  This single semiconducting layer is in direct contrast to the 

MOSFET configuration where two oppositely doped regions are employed.  Instead, this layer is 

directly in contact with electrodes and current flows from a metal contact, if the device is integrated 

into another electronic system, through the organic material. 

In Figure 12a, a bottom contact, bottom gate electrode design for a thin film transistor is 

shown.  The benefit of this “bottom contact” electrode design is that the electrodes are reusable as 

the semiconducting layer can easily be washed away using organic solvents. However, this 

configuration does not guarantee good contact between the semiconducting material and the metal 

electrodes for several reasons including the presence of impurities on the substrate that can 

aggregate before the solution deposition process of the organic material.  For this reason, surface 

treatments are often considered to ensure passivation of the substrate. 

The second thin-film configuration, the top contact, bottom gate configuration, is shown in 

Figure 12b.  This configuration again utilizes a large substrate as a gate electrode however the 

semiconducting layer is deposited directly onto the substrate.  After this, source and drain 
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electrodes are patterned using a metal shadow mask to protect the organic semiconducting layer.  

This configuration is no longer reusable but produces better contact between the electrodes and 

the semiconducting material due to the more direct application of electrodes. 

 

Figure 12: Thin film transistor FET designs.  In both cases, a substrate is used as a large gate 

electrode.  In this diagram, a p-type silicon wafer is used.  In figure a, an electrode pattern is 

produced directly onto the wafer and a subsequent organic semiconducting layer is solution 

deposited to form a bottom contact, bottom gate configuration.  In figure b, this process is reversed 

with the semiconducting layer being deposited first followed by electrodes being patterned with a 

metal shadow mask for the top contact, bottom gate configuration. 

 

 Due to the similarities between these configurations and the original MOSFET devices, 

these OFETs can be analyzed in a similar way.  Therefore, Equations 5 and 6 still apply and can 

be used for estimating the carrier mobility in the material.  However, traps and defects in the 

material play a large role in lowering the device performance so care should be given to the 

possible underestimation of the carrier mobility from this method. 
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2.7 Charge Transport in Organic Materials 

 Organic materials tend to have highly localized charge carrier states, as previously 

discussed for charge transfer cocrystals.  As a result, when considering organic conductors for 

electronic applications, the mean free path of a charge carrier is often lower than the mean 

interatomic distance.  This means that band-like conduction is often impossible in organic 

materials and in some cases, the assistance of thermal fluctuations in the material permit 

conduction at room temperature.  This is a direct contrast to metals and conventional 

semiconductors in which charge transport occurs in primarily delocalized states and is impeded by 

the scattering of the charge carriers from interactions with phonons. 

This transport mechanism that arises due to these localized charge states is often referred 

to in general as charge hopping [5, 48-50] though several specific types of hopping models exist.  

These include hopping in amorphous materials, small polaron hopping, variable range hopping, 

and multiple trap and release models.  These materials that conduct through hopping mechanisms 

generally have poor carrier mobility as a result of these localized states.  The best organic 

semiconductors tend to have mobility values on the order of 10 cm2/Vs for the highest performing 

organic crystalline materials.  However, many organic materials often have charge carrier 

mobilities in the range of 10-2 to 10-6 cm2/Vs.  In contrast, inorganic semiconductors can often 

have values greater than 1000 cm2/Vs. 

In these types of hopping models, it is often acceptable to ignore the effects of the Schottky 

barrier that occurs at the interface of the electrodes and the semiconducting material.  In materials 

that experience hopping and have a low mobility, charge carriers can often more easily tunnel 

through the Schottky barrier than pass through the low conductivity material.  This is an example 
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of bulk-limited as opposed to barrier-limited conduction [51, 52].  Despite this, there are still 

scenarios where the Schottky barrier may selectively impede either hole or electron conduction.  

The Schottky barrier begins to play a large role in higher mobility OFETs (e.g. materials with 

mobilities of 0.1-10 cm2/Vs).  In these materials, considerable research is applied to the 

development of electrodes that reduce or eliminate the Schottky barrier in order to improve device 

performance [53]. 
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3. Reprecipitation of Polymers 

 A portion of my work has focused on polymer nanoparticles and how the reprecipitation 

method can be applied to their formation.  The goal of these endeavors was to study the underlying 

physics of phase separation that can occur in the reprecipitation process.  In particular, this work 

considers both the injection rate dependence of the reprecipitation method in the formation of 

single component polymer nanoparticles.  Further, it begins to explore the formation of polymer 

blend nanoparticles through the reprecipitation process.  These systems are demonstrative of how 

the size of nanoparticles can be controlled in the reprecipitation method through varying the 

injection rate of the sample.  Similarly, it shows how one would start to explore the formation of 

miscible polymer blend nanoparticles. 

 

3.1 Background 

 Polymers are long molecular chains that appear in all aspects of daily life.  While particular 

polymers are useful in various situations, polymer blends can experience improved properties due 

to the combination of the properties of the individual components.  Based on the ability for two 

polymers to mix fully, a polymer blend can either be referred to as “miscible” or “immiscible”. 

In general, polymers are often immiscible due to the material’s natural disorder.  Because 

most polymers are highly disordered, the entropy of the system does not change meaningfully to 

compensate for the required mixing energy.  As a result, polymers can appear to be mixed fully at 

the macroscopic level.  However, when viewed microscopically, they have high tendency to phase 

separate into distinct domains.  Full miscibility is generally only achieved if the two polymers 

possess functional groups that reduces the enthalpy of mixing and promotes the unfolding and 
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interaction of the polymer chains.  In addition, this can also be achieved through temperature and 

solvent selection with both cases assisting in the unraveling and intertwining of polymer chains. 

With these thoughts in mind, miscible polymer blend nanoparticles are briefly considered 

in this chapter.  First, data is presented that shows the effect of injection speed during 

reprecipitation on polymer size using single component polystyrene nanoparticles.  Following this, 

an attempt is made to form miscible blended nanoparticles using poly(methyl methacrylate and 

poly(vinyl acetate).  These results give insight into the complexity involved in the formation of 

multicomponent materials. 

 

3.2 Reprecipitation of Polystyrene 

 In order to investigate the dependence of injection speed on reprecipitated nanoparticle 

size, polystyrene was used as a suitable polymer.  A narrow distribution (Mw/MN = 1.09) sample 

of polystyrene with a molecular weight of 151,500 Da was used from Scientific Polymer Products 

Inc. for this experiment.  The polystyrene was dissolved into tetrahydrofuran (THF) at a 

concentration of 0.5 mg/mL.  From there, reprecipitation was carried out as described in chapter 

2.  1 mL of the polystyrene solution was injected into 9 mL of water that was being stirred at 1000 

rpm.  Additionally, after injection, the nanoparticle dispersion was allowed to continue stirring at 

1000 rpm for 2 minutes before an aliquot was taken and particle size was determined. 

 In order to standardize this injection process, a 5 mL syringe was used in conjunction with 

a Hamilton Microlab 500 series syringe pump.  In addition, an 18-gauge syringe needle was used.  

The syringe pump was capable of precisely injecting a 1 mL volume at a variable “injection time”.  

This injection time reflected the amount of time to empty the full 5 mL syringe and could be varied 
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from 1 second to 256 seconds.  With this variability, injection speeds within the range of 0.02 - 5 

mL/s could be obtained.  Injection speeds faster than 5 mL/s were attempted using a 10 mL syringe 

but were unobtainable with the equipment as described due to the limitations of the syringe pump. 

 Particle size was determined using dynamic light scattering (DLS).  The system consisted 

of a 633 nm helium-neon laser that was incident upon a glass cuvette containing an aliquot of the 

solution.  Scattered light was collected at a 90 degree angle through a single mode optical fiber 

and detected using a photodiode.  The signal was processed using an ALV5000 autocorrelator that 

produced an autocorrelation function for the scattered light intensity.  Given parameters for the 

index of refraction and viscosity of the solvent, the autocorrelator could obtain a value for the 

nanoparticle radius using the Stokes-Einstein relation [39].  Data was collected for 10 minutes at 

30 second acquisitions to ensure that the particle growth had reached a steady state.  The final 

particle sizes after 10 mins are reported in Figure 13. 

 

 

Figure 13: Final particle radius of reprecipitated polystyrene nanoparticles.  Nanoparticle 

radius as measured by dynamic light scattering after 10 minutes for polystyrene nanoparticles 

versus injection speed used during reprecipitation. 
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 This data demonstrates how increased energy being put into the system can force particular 

metastable states to develop.  Final particle size is shown to significantly decrease at a higher 

injection speed.  Further, at the lowest end of the injection speeds considered, a small portion of 

the polystyrene sample was not given sufficient energy to even form nanoparticles and instead 

aggregated as a film.  This is in agreement with the weak dependence of particle size on polymer 

molecular weight (and thus chain length) that was observed in previous work [36]. 

 The dependence of the particle size on injection energy and not molecular weight is not 

consistent with classical nucleation theory or spinodal decomposition models for phase separation.  

In these two models, the nucleation and growth of the particles depends heavily on the molecular 

diffusivity and therefore the molecular weight of the polymer.  Instead, it is more consistent with 

a droplet model, in which the streams of injected polymer break up into droplets during the 

turbulent mixing of the water bath.  As this is occurring, the solvent, nonsolvent, and polymer 

begin interdiffusion with the polymer diffusing much more slowly. 

 If the injected stream has broken into these droplets before significant diffusion of the 

polymer can occur, then the droplets themselves to contain high concentrations of polymer.  The 

phase separation of the polymer is then confined to only the small region of the droplet.  If all of 

the polymer contained in a single droplet coalesces, then the final nanoparticle size is would be 

heavily influenced by the size of the droplet, and thus the energy that was put into the system 

during the injection and stirring processes.  This is consistent with the experimental results 

observed here. 
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3.3 Reprecipitation of Miscible Polymers 

In applying the reprecipitation method to copolymer systems, prior literature had already 

demonstrated that blended nanoparticles could be achieved using immiscible polymers [39].  In 

this case, the resulting nanoparticles consisted of phase separated polymers with one polymer 

encapsulating another.  Instead, the goal here was to test whether two polymers that are miscible 

in a bulk phase would also be miscible at the nanoscale in particles formed with reprecipitation. 

For this experiment, poly(methyl methacrylate) (PMMA) and poly(vinyl acetate) (PVAc) 

with approximate molecular weights of 540,000 Da and 500,000 Da respectively were selected 

and used to first make a bulk, macroscopic blend, as described by Crispim et. al. [54], in order to 

demonstrate their miscibility.  The polymers were combined at an equal weight ratio in chloroform 

at 40 mg/ml and heated at 50°C before being drop cast into a sample holder and allowed to dry.  

To determine whether or not proper mixing had occurred, differential scanning calorimetry (DSC) 

was used to measure the glass transition temperature of the mixed solution.  DSC data was 

collected using a TA instruments multicell DSC system capable of heating and cooling a sample 

between -20 and 150 °C.  A single glass transition temperature, indicated by a change in slope of 

a graph of the heat flow of the sample versus temperature, is indicative of blended polymer system.  

However, a phase separated sample would produce multiple glass transitions for each component 

in the sample as each component transitions independently. 

DSC data, shown in Figure 14, revealed that the polymers appeared to form a blend in the 

bulk as only one glass transition was observed at around 65°C.  This is different to the two glass 

transition temperatures found in a phase separated system.  A phase separated sample of 
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PMMA/PVAc is also shown in Figure 14.  This sample was prepared by heating the blend to above 

its critical temperature of 115°C at which point irrecoverable phase separations occurred. [54]. 

 

Figure 14: DSC data of PMMA:PVAc blend.  DSC data showing phase separated PMMA:PVAc 

solution versus blended solution.  The black dashed lines fit to the linear regions of the curve so 

that the their intersections at the inflection points where glass transitions occur are emphasized.  

The phase separated solution clearly shows two glass transitions, distinguishable by an inflection 

in the curve.  The two transitions occur at 25°C and 105°C corresponding to the PVAc and PMMA 

respectively.  In contrast, the blended data shows only one transition at around 65°C.  

 

Having demonstrated that reports in literature were correct about these polymers forming 

a blend, the reprecipitation method was then applied to make blend nanoparticles out of these 

materials.  Equal amounts by weight of PMMA and PVAc were dissolved in THF at 3 mg/ml and 

reprecipitated into water at a 1:9 ratio at room temperature.  After reprecipitation, the solution was 

stirred for several minutes and then freeze dried.  The resulting DSC curve in Figure 15 shows 

only one transition corresponding to the phase separated PVAc at about 35°C.  This most likely 

corresponds to the PVAc glass transition.  Despite being slightly shifted from the bulk sample, the 
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small quantity of sample that was tested may have heated nonuniformly and affected the exact 

temperature of the measured glass transition.  The sample was not heated high enough to check 

for the PMMA transition in order to avoid any possibility of reaching the upper critical 

temperature.  This is due to the fact that a glass transition is not an immediate effect and 

nonuniformity in the heating of the sample could lead to some regions being hotter than others and 

a partial phase separation occurring.  The steps that occur in the data shown in Figure 15 are due 

to the limits of the DSC apparatus.  The polymer nanoparticle sample that was produced was 

smaller by weight when compared to the bulk sample.  As a result, the measured heat flow is an 

order of magnitude lower than in the bulk samples shown in Figure 14.  The DSC apparatus can 

only calculate the heat flow parameter to three decimal places meaning that while a gradual change 

is occurring, the data that is output can appear stepwise.  These steps are also in the data shown in 

Figure 14 but are not as apparent due to the larger scale. 

 

Figure 15: DSC data of PMMA:PVAc nanoparticles.  Only a transition region around 35°C 

was observed.  In contrast to Figure 14, there is no inflection at ~65°C corresponding to a blend 

having occurred.  
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While these particular conditions for reprecipitation did not produce a blended 

nanoparticle, there is no evidence to suggest that it is not possible.  Due to the complexity of the 

system, one would need to vary the solvents used in the reprecipitation method in order to begin 

to explore whether this process is possible.  It has been reported that the choice of solvent heavily 

affects whether or not blend formation is in fact possible [54].  Choosing a good solvent for PMMA 

and PVAc and making a macroscopic blend is actually quite simple; finding an appropriately 

miscible poor solvent for the reprecipitation process is more difficult.  Thus, this is demonstrative 

of the complexity that can be seen in multicomponent material systems.  Assuming fixed 

concentrations and room temperature reprecipitation, this is a quaternary system that has many 

complex interactions taking place. 

In addition to the difficulty that comes with choosing appropriate solvents, the 

concentrations of concentrations of PMMA and PVAc could also play a role in determining blend 

formation.  Finally, the temperature can have an impact on whether or not two polymers will fully 

blend in nanoparticles due to the increased energy in the system at an elevated temperature 

allowing access to phases that are less favorable at room temperature.  The effects of temperature 

can readily be seen in bulk samples where blends in certain solvents are only possible when the 

sample is heated [54]. 
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4. Reprecipitation of Perylene:TCNQ 

 Reprecipitation of cocrystals of perylene and 7,7’,8,8’ tetracyanoquinodimethane (TCNQ) 

was based on the work previously begun by Nishida [40] and progressed by Li [39] of the Van 

Keuren lab group at Georgetown University.  In this work, further powder X-ray diffraction 

experiments were performed in order to investigate the apparent formation of multiple 

stoichiometric cocrystals from the reprecipitation method.  In addition, improvements to the 

Raman microscope allowed for increased resolution to further study the system.  Portions of this 

work are included in the publication “Mechanisms of nucleation and growth in the formation of 

charge transfer nanocrystals” [55]. 

 

4.1 Background 

The work of Nishida [40]  demonstrated that through use of the reprecipitation method, a 

perylene:TCNQ cocrystal could be induced to form.  Further study by Li [39]  explored the 

application of the reprecipitation method to the formation of different perylene:TCNQ cocrystal 

stoichiometries.  From prior literature, it was known that perylene:TCNQ could form cocrystals 

with a 1:1, 2:1, and 3:1 stoichiometry [17, 18, 20, 56].  Li demonstrated that the reprecipitation 

method could be used to induce the formation of a stable 3:1 perylene:TCNQ cocrystal 

stoichiometry if the starting molar ratio of perylene to TCNQ was appropriately 3:1.  This was 

confirmed through SEM imaging, Powder X-ray Diffraction (PXRD) and absorption spectroscopy.  

SEM imaging of the freeze-dried samples showed a system of homogeneous plate-like crystals for 

3:1 molar ratio samples.  In addition, PXRD data for the 3:1 molar ratio sample matched the 3:1 
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crystal’s reported spectrum from the Cambridge structural database with only a slight indication 

of some pure perylene crystals forming. 

In contrast to this, when reprecipitation was performed with a 1:1 molar ratio sample and 

freeze-dried, under SEM imaging an inhomogeneous sample was observed.  A mixture of rod-like 

and plate-like crystals could be seen.  Further, the PXRD data showed a mixture of peaks 

corresponding to both 1:1 and 3:1 stoichiometries and possibly pure perylene and TCNQ crystals.   

This evidence lead Li to hypothesize that the inhomogeneous formation of the crystals 

when reprecipitated at a 1:1 molar ratio was simply due to the system looking to minimize its free 

energy by forming multiple cocrystal stoichiometries.  Despite this, both samples possessed 

independent absorption spectra as shown in Figure 16 for samples prepared in this work.  The 1:1 

molar ratio samples exhibited multiple charge transfer peaks between 850 and 1050 nm while a 

3:1 molar ratio sample only possessed one at ~950 nm.  Therefore, further data was desired to 

confirm that the 1:1 molar ratio sample indeed produced a mixture of two cocrystal stoichiometries 

and justify the possibility that Li proposed that the 1:1 absorption spectrum was really a summation 

of contributions from each material.  Specifically, Raman spectroscopy data was proposed due to 

significant improvements that had occurred to the available Raman microscope and the possibility 

that a distinction between the cocrystal stoichiometries could be observed. 

The upgraded Raman microscope possesses an 1800 gr/mm grating compared to a 600 

gr/mm grating of the older system allowing for improved resolution of the Raman lines.  In 

particular, the Raman lines of perylene:TCNQ cocrystals can shift by 5 cm-1 or less depending 

stoichiometry [20].  The resolution required to differentiate between cocrystal stoichiometries was 

not possible on the old Raman system.  By investigating the differences in the Raman spectrum of 
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the cocrystal nanoparticle samples, it is possible to differentiate the stoichiometries of the samples 

and add a third series of data to the overall description of reprecipitated perylene:TCNQ 

nanoparticles. 

With this in mind, this work contributes to the work done by Li in studying this system.  

Raman spectroscopy is used as a third method of determining cocrystal form in the nanoparticle 

system.  Further, a 1:1.5 molar ratio sample of perylene:TCNQ is produced and measured using 

powder x-ray diffraction in order to see if the increased presence of TCNQ in the system pushes 

the resulting nanoparticles preferentially towards the 1:1 cocrystal stoichiometry through a greater 

availability of TCNQ in the initial nucleation phase.  Finally, macroscopic reference crystals are 

grown in order to verify the existing literature’s reports of the Raman and powder x-ray diffraction 

spectra for perylene:TCNQ cocrystals. 

 

4.2 Sample Preparation 

Reprecipitated samples were prepared with perylene (99%+) and TCNQ (98%) that were 

purchased from Acros Organics and used without further purification.  Initial solutions of perylene 

and TCNQ were created by individually dissolving both into acetone to create two separate 

solutions at concentrations of 2 mmol.  Aliquots of these solutions were then taken and combined 

in a volumetric ratio that corresponds to the molar ratio desired (e.g. 3ml:1ml for a 3:1 molar ratio 

of perylene:TCNQ).  This new solution was mixed for several minutes. 

1 ml of the combined solution in acetone was then rapidly injected into 9 ml of deionized 

water using a 1.0-ml, 18-gauge syringe.  The resulting dispersion consisted of nanocrystals with a 

hydrodynamic radius of approximately 150 nm.  This injection was performed with fresh acetone 
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solutions as aging of the samples was shown by Li to potentially affect the nanoparticle formation.  

This is attributed to possible degradation of the molecules in solution over time.  It is known that 

TCNQ degrades into α,α-dicyano-p-toluoylcyanide (DCTC) over several minutes in acetonitrile [57, 

58].  This degradation has also been observed over several weeks in THF.  However, in acetone, TCNQ 

has thus far only been observed to form a TCNQ- anion. 

Absorption spectra of the samples were taken using a 3 ml aliquot of the sample approximately 

30 minutes after reprecipitation to confirm cocrystal formation in the sample.  This data can be seen in 

Figure 16.  Similarly, freeze-drying of the samples occurred between 30 and 60 minutes after 

reprecipitation.  This was done in order to allow most particle growth from the reprecipitation process 

to be completed. 

 

Figure 16: Absorption spectra for 1:1 and 3:1 molar ratio reprecipitated perylene:TCNQ 

samples. In particular, there is only one 3:1 absorption peak around 950 nm instead of several 

peaks in the 1:1 sample. 
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4.3 Powder X-Ray Diffraction Measurements 

 For these measurements, rod-like 1:1 reference crystals were grown that were several 

millimeters long for comparison with nanoparticle PXRD data.  This was done in order to verify 

the diffraction patterns for 1:1 perylene:TCNQ crystals that is found on the Cambridge Structural 

Database [59].  The growth of the 1:1 crystals was performed by cooling a supersaturated toluene 

solution from 80°C to room temperature using a method reported in literature[18].  In this work, 

the authors demonstrated a strong solvent dependence in the cocrystal stoichiometry of 

perylene:TCNQ.  Their work demonstrated that a toluene solution of perylene and TCNQ is more 

likely to form a 1:1 stoichiometry while a benzene solution favors a 3:1 stoichiometry. 

As reported in this method, perylene and TCNQ were dissolved into toluene at an equal 

molar concentration of 18 mmol.  This was consistent with their reported solubility of perylene in 

Toluene at 80°C and significantly above the solubility of TCNQ.  The solution was then heated 

while stirring to 80°C in a water bath for two hours.  This produced a saturated solution with most 

material dissolved besides a small amount of precipitate at the contact line of the solvent.  This 

saturated solution was then transferred to a small programmable oven consisting of several Peltier 

heaters attached to a metal enclosure and controlled by a TC-720 temperature controller with an 

attached thermistor for temperature feedback.  The solution was then allowed to cool slowly to 

room temperature over 24 hours.  The solution was decanted and the crystals that grew were 

extracted and allowed to dry. 

A picture of these rod-like crystals as well as the associated PXRD spectrum can be seen 

in Figure 17.  While the PXRD spectrum does not exhibit all peaks corresponding to the accepted 

data, this is most likely due to the size of the crystals.  Since the crystals are quite large, they do 
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not exhibit a full set of all possible orientations when placed for measurement.  For example, these 

millimeter long rods will not tend to orient themselves perpendicularly to the substrate meaning 

that several crystal planes are almost certainly not being probed.  However, what is important is 

that no major peaks associated with a 3:1 configuration are seen in this sample.  The results of this 

measurement, confirm the ideal diffraction pattern for a powder of 1:1 crystals. 

 

Figure 17: PXRD data for large perylene:TCNQ cocrystals. Left: Large 1:1 perylene:TCNQ 

cocrystals grown by cooling a supersaturated toluene solution of perylene and TCNQ.  Each square 

of the graph sheet in the background is 1mm2 for scale.  Right: Powder x-ray diffraction of the 

crystals shown here.  Most major peaks are in agreement with the ideal reference data yet relative 

intensities differ most likely because the crystals grown here do not exhibit a true random 

distribution of orientations. 

 

In addition to these 1:1 reference crystals, a large 3:1 reference crystal was also grown 

through slow evaporation of an acetone solution prepared with perylene and TCNQ dissolved at a 

3:1 molar ratio.  Both the 1:1 and 3:1 reference crystals were later analyzed with single crystal x-

ray diffraction and found to have unit cells of (a = 7.24, b = 10.90, c = 14.54, α = γ = 90°, β = 

90.63°) for the 1:1 rods and (a = 10.35, b = 10.82, c = 12.46, α = 67.63°, β = 66.14°, γ = 88.64°) 

for the 3:1 platelets.  These agreed well with literature reported values of (a = 7.32, b = 10.88, c = 
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14.55, α = γ = 90°, β = 90.42°) for 1:1 perylene:TCNQ and (a = 10.4, b = 10.8, c = 12.6, α = 66.5°, 

β = 66.3°, γ = 89.2°) for 3:1 perylene:TCNQ. 

 

4.4 Raman Microscopy 

 Having established that the accepted crystal data was accurate, an additional 

characterization method was sought in order to confirm stoichiometry of the nanocrystals.  To 

achieve this, Raman microscopy was considered.  Raman spectroscopy is a powerful tool for 

cocrystal stoichiometry identification due to the differences between each stoichiometry’s 

spectrum.  In each stoichiometry, the individual molecules are in different local environments.  

This difference in environment can lead to small shifts in the intramolecular vibrational lines of 

each coformer.  Additionally, low energy intermolecular modes can develop depending on the 

stoichiometry of the cocrystal. 

The Raman system had also received significant upgrades since Li considered using it 

previously.  In particular, the system had a new 532nm laser in addition to an 1800 gr/mm grating.  

Therefore, Raman microscopy was performed on the 1:1 and 3:1 cocrystal reference samples for 

comparison with the 1:1 and 3:1 molar ratio nanoparticle systems.  The reference spectra can be 

seen in Figure 18 as well as a reference spectrum for reprecipitated pure TCNQ nanocrystals.  

Reprecipitated perylene nanocrystals (not shown) were also considered but due to fluorescence 

emissions from the crystals, no meaningful Raman peaks could be observed. 

The TCNQ sample had three characteristic Raman peaks in this region.  These occurred at 

1205, 1454, and 1600 cm-1.  These are attributed to the C-H, C=CWing and C=CRing bonds in the 

TCNQ molecule and were observed to shift in the cocrystal due to the distortions of neighboring 

perylene molecules [20]. The 1:1 and 3:1 molar ratio samples shared many peaks, including two 
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at 1196 and 1601 cm-1.  These peaks are shifted forms of the 1205 and 1600 cm-1 peaks in pure 

TCNQ.  Further, peaks at 1297, 1365, 1374, and 1567 cm-1 were also shared between the samples 

and are attributed to perylene in a cocrystal.  Finally, the most prominent peak occurred at 

approximately 1450 cm-1 in the cocrystal.  This peak split and shifted from 1454 cm-1 in pure 

TCNQ by an amount that corresponded to the cocrystal stoichiometry. 

 

Figure 18: Raman spectra of large, solution grown 1:1 and 3:1 cocrystals as well as 

reprecipitated pure TCNQ nanocrystals. 

 

One of the two split TCNQ peaks was measured to be 1443 cm-1 and is reported in literature 

to occur for large single cocrystals [56].  The second peak in the split pair corresponds to the degree 

of charge transfer between the perylene and TCNQ molecules and agreed with results reported in 

literature with values of either 1451 or 1448 cm-1 for a 1:1 and 3:1 crystal configuration 

respectively [20].  This is the primary difference between the spectra corresponding to each 

cocrystal stoichiometry. 
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For comparison, the 1:1 and 3:1 molar ratio nanoparticle samples can be seen in Figure 19.  

Throughout the 3:1 molar ratio sample, a consistent 1448 cm-1 peak was observed indicating a 

fairly homogeneous sample of 3:1 cocrystals.  However, in the 1:1 molar ratio sample, depending 

on where the sample was probed, the spectrum changed between a dominant 1448 cm-1 peak with 

a longer wavenumber shoulder, a dominant 1451 cm-1 peak with a shorter wavenumber shoulder, 

and a split combination of both peaks as shown in Figure 19.  In addition, the 1:1 molar ratio 

sample possessed an additional peak at 1205 cm-1 that would normally correspond to pure TCNQ.  

This third piece of evidence therefore leads to the conclusion that the 1:1 molar ratio sample when 

reprecipitated produces a mixture of both a stable 1:1 and 3:1 cocrystal phases along with pure 

TCNQ crystals. 

 

Figure 19: Raman spectra of both 1:1 and 3:1 molar ratio perylene:TCNQ nanoparticles.  

These nanoparticles were formed through reprecipitation and then freeze drying. 
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4.5 Varying Perylene:TCNQ Molar Ratio 

 With the knowledge that a 1:1 molar ratio solution would produce a mixed dispersion of 

cocrystals when reprecipitated, subsequent measurements of perylene:TCNQ nanoparticles sought 

to demonstrate that the system could be pushed to preferentially form a 1:1 crystal structure.  A 

1:1.5 molar ratio perylene:TCNQ reprecipitated solution was considered due to the belief that 

perylene molecules would be more likely to encounter nearby TCNQ molecules than other 

perylene molecules and therefore preferentially form a 1:1 crystal structure.  To investigate this, I 

produced nanoparticles by reprecipitating at a 1:1.5 molar ratio of perylene:TCNQ in a manner 

consistent with the experimental procedures in section 4.2. 

 

Figure 20: Powder x-ray diffraction data of reprecipitated 3:1 and 1:1.5 perylene:TCNQ 

nanoparticles.  In addition, Cambridge Structural Database data for the 1:1 cocrystals.  The 1:1.5 

data showed a mixture of both 3:1 and 1:1 crystal structures as well as additional peaks that can 

be assigned to excess TCNQ in the system. 
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This system was investigated primarily using PXRD in order to look at the crystal 

structures formed.  The results are shown in Figure 20.  The 1:1.5 system was shown to still possess 

a mixture of 1:1 and 3:1 cocrystal configurations.  In addition, the spectrum showed several extra 

peaks corresponding to TCNQ crystals.  This further indicated that indeed, for the specified 

reprecipitation conditions of a 2 mmol acetone solution reprecipitated into water at a volumetric 

ratio of 1:9, formation of a mixed phase of 1:1 and 3:1 crystals is preferred. 

 

4.6 Discussion 

 The results of these experiments have led to the further conclusion that this system is more 

complicated than initially thought.  When reprecipitating perylene and TCNQ to form a cocrystal 

in solution, the respective molar ratios of each coformer is not the only factor that influences which 

crystal is produced.  In particular, for an equal molar ratio of coformers into this specific volumetric 

ratio of 1:9 acetone:water, a mixed phase of cocrystals results.  Thus, the system most likely has a 

more complicated phase diagram that permits a mixture of phases depending on the path taken. 

 An example ternary phase diagram of reprecipitation in a cocrystal system described can 

be seen in Figure 21.  This diagram plots concentration of cocrystal, good solvent, and non-

solvent on the axes.  The regions are able to be described.  Region A consists of the fully 

dissolved coformers in solution.  Region B is the metastable region and Region C is the fully 

unstable region.  In reprecipitation, the system begins at a point along the edge of Region A, for 

example point X, where only the coformers and the good solvent are in the solution.  Then, 

through the rapid injection, it is taken to a point in Region C that depends on the concentrations 

of the coformers and the volumetric ratio of the good solvent and non-solvent.  Region C is 
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unstable and divided into regions of pure and mixed cocrystal stoichiometries.  As the system 

returns to a stable state,  its path through these stoichiometries affects what cocrystals are 

ultimately formed. 

 

 
Figure 21: Ternary phase diagram for a reprecipitated cocrystal system. 
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5. Controlled Evaporative Self-Assembly Method Phase Diagrams 

 The controlled evaporative self-assembly, or CESA, method is useful technique for 

depositing films of material onto a substrate in an ordered pattern.  The key factors of how this 

method achieves this deposition are discussed in section 2.  However, the physics of the CESA 

method does not readily describe how a cocrystal forms at the receding contact line.  For that, it is 

possible to apply a phase diagram approach in order to describe and predict which stoichiometries 

of a possible cocrystal will form. 

 

5.1 Background 

 Instead of the ternary phase diagrams discussed in Chapter 2, an alternate type of phase 

diagram that is often used for cocrystal formation involves two cartesian axes on which the 

concentrations of the two cocrystal components are plotted.  This approach has been utilized in 

literature to describe the order that cocrystal phases form in for an evaporating liquid.  For example, 

Gagniere et. al. have used it to demonstrate particular phase domains of cocrystals formed using 

carbamazepine and nicotinamide [60].  In their system, they study a slowly evaporating solution 

of the two coformers in ethanol.  As it evaporates, they monitor the phases using FTIR 

spectroscopy and observe a change in the cocrystal domains as the process progresses.  Given their 

success with applying this method, it is the goal of this work to apply a similar thought process to 

the CESA method as application of the CESA method to a multicomponent system has not been 

extensively researched.  In this way, it is possible to explain the cocrystal stoichiometries that form 

during the CESA method for solutions of varying molar ratios in order to allow for greater 

understanding and control over the formation processes that are at play in this work. 
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This method requires the determination of the solubility of the cocrystalline phase in order 

to appropriately draw the phase diagram for the solution.  Nehm et. al. describes how to consider 

this for cocrystal systems in general [61].  For an arbitrary system with cocrystals of composition 

AaBb, if it can be assumed that the system does not begin to form donor/acceptor complexes or 

ionize in solution, then the equilibrium reaction is given by Equation 7.  Here, A and B are the 

individual donor and acceptor molecules while a and b refer to the stoichiometric number of each 

molecule in the cocrystal.  For this case, the equilibrium constant for the reaction is given by 

Equation 8 and depends on the thermodynamic activity (a) of the cocrystal components and the 

cocrystal itself.  If the thermodynamic activity of the cocrystal is assumed to be a constant, the 

solubility of the product can be approximated as Equation 9 for a dilute solution where [A] and 

[B] represent the concentrations of components A and B. 

AaBb solid ↔ aAsolution + bBsolution  (Eqn. 7) 

Keq =  
𝑎A

a  𝑎B
b

𝑎AB
  (Eqn. 8) 

Ksp =  𝑎A
a  𝑎B

b  ≈  [A]a[B]b  (Eqn. 9) 

 With this solubility product in mind, one can begin to construct a phase diagram for a 

cocrystal.  In Figure 22, an example phase diagram is considered for a system that can form only 

a 1:1 stoichiometric cocrystal.  On the vertical and horizontal axes, the concentrations of 

component A and component B are plotted.  The green and red dotted lines correspond to the 

solubilities of components A and B alone in solution.  The blue solid curve represents the solubility 

product of the cocrystal with stoichiometry parameters of a = b = 1.  The numbers chosen in this 

example are arbitrary to demonstrate the phase domains that can occur. 
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Figure 22: Example phase diagram for a 1:1 cocrystal system. Due to the solubilities of the 

coformers and the cocrystal, the diagram is divided into seven possible phases. 

 

 

 In Figure 22, the seven regions are as follows.  In Region I, the system is a single 

homogeneous solution of undersaturated components A and B.  In Region II, the system has two 

phases.  One is a solid phase of component A while the other is a solution that is supersaturated in 

A and undersaturated in B.  For Region III, two phases also occur but with a supersaturated solution 

and solid phase of component B.  In region IV, a cocrystal precipitate forms in equilibrium with a 

solution of components A and B that are at some concentration that falls on the blue solubility 

product line that divides regions I and IV.  In Region V, a solid phase of both the cocrystal and 

component A exists in equilibrium with a solution at concentrations that fall on the blue line 

between Regions II and V.  In Region VI, a solid phase of both cocrystal and component B is in 
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equilibrium with a solution at concentrations between III and VI.  Finally, in Region VII, solid 

cocrystal, component A, and component B all exist in equilibrium with a supersaturated solution. 

 For a cocrystal to form at all given this phase diagram, the solubility of the cocrystal, Ksp, 

must fall below the solubility of component A and B for some concentrations.  More directly, a 

portion of the blue cocrystal solubility line must fall in the rectangle that is bounded by the 

solubilities of the individual components.  In Figure 22, numbers were chosen so that this would 

be the case however it is possible for solubilities of cocrystal stoichiometries to lie outside of this 

region.  In this case, the cocrystal phase is not achievable under normal evaporative conditions and 

would require external interaction to push the system to a nonequilibrium state. 

 This model can begin to explain the cocrystal formation in the CESA method due to the 

crystal nucleation and growth that occurs due to evaporation of the solvent at a receding contact 

line.  However, caution must be used when applying this model due to the fact that it may not be 

a perfect explanation for the system.  The CESA method is fundamentally a nonequilibrium 

process consisting of fluid flows and concentration gradients while this model assumes that gradual 

crystal growth occurs through an equilibrium process.  Depending on the coformers and solvent 

used, it is possible for the system to become highly supersaturated during rapid evaporation in the 

CESA method.  In this case, the system may be pushed far into any of Regions V, VI, and VII 

resulting in the growth of a variety of crystalline forms.  This is particularly possible when multiple 

cocrystal stoichiometries are available. 

 Additionally, if multiple stoichiometries are possible, it is not always simple to understand 

what crystals will nucleate first.  Ostwald’s rule of stages indicates that a crystalline system 

growing from solution will move to equilibrium through a minimal change in free energy [62].  As 
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a result of this, the least stable crystal stoichiometry should actually be the first to nucleate for a 

given solution and the lowest energy form should not be what nucleates first if an alternative is 

possible.  As a result, there is no guarantee that evaporating a solution of coformers at a particular 

stoichiometry will produce cocrystals of that stoichiometry.  Instead, there is a high possibility that 

the system will explore a variety of cocrystalline phases throughout the evaporation process. 

 In this work, three cocrystal systems will be considered to demonstrate this model.  

Phenothiazine (PTZ) and 7,7’,8,8’ tetracyanoquinodimethane (TCNQ) are considered as an 

example of the simplest cocrystal case: only one available cocrystal stoichiometry.  Following this, 

perylene and TCNQ are considered to demonstrate the increased complexity that occurs when two 

cocrystal stoichiometries are available.  Finally, the model is applied to cocrystals of 

phloroglucinol and phenazine to demonstrate difficulties encountered for even more complicated 

cocrystalline systems.  Through these examples, it will become clear that the basic aspects of 

cocrystal formation in the CESA method can be described using this evaporative model of crystal 

growth. 

   

5.2 One Stoichiometry Phase Diagrams - PTZ:TCNQ 

 The example of a system in which only one possible stoichiometric cocrystal is possible is 

a simple starting point for analyzing these phase diagrams.  An example of this system is the 

PTZ:TCNQ cocrystal for which only a 1:1 stoichiometric phase has been reported [47].  Because 

of this, there are only three possible solid phases to consider and the simple phase diagram from 

Figure 22 applies.  It is then possible to consider how the system evolves and the relative 

concentrations of each component change as the solvent evaporates. 
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 A fully dissolved solution consisting of coformer A and B resides below the blue cocrystal 

solubility line on the phase diagram.  An example point is chosen in Figure 23 and represented by 

a red dot.  As the solvent evaporates, the concentrations of coformer A and coformer B increase 

proportionately to each other as the total volume of the system decreases.  However, the 

stoichiometric ratio between the coformers would remain the same as no solute has yet 

precipitated.  Therefore, the system moves through the phase diagram along a line that depends on 

the molar ratio of the coformers and is at a slope given by m =  
∆CA

∆CB
=  

nA ∆VB

nB ∆VA
=  

nA 

nB 
.  The line 

representing this evaporation is shown in solid red in Figure 23 and is an extension of the dashed 

red line of the same slope that marks the initial concentrations of the coformers in the solution. 

 

Figure 23: An example evaporation path for a cocrystal forming in a solution. The initial 

concentrations of the solution fall at the red dot.  As evaporation occurs, the concentrations of each 

coformer increase at a proportional rate until the system falls on the blue solubility line for the 

cocrystal.  At this point, further evaporation, reflected by the small red arrows, pushes the system 

into a state where a cocrystal phase will begin to form.  As the cocrystal forms, the solution returns 

to the blue solubility line along the black arrow at a slope equal to the cocrystal stoichiometry.  

The process then repeats and the system moves along this solubility curve.   
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 Once the concentrations increased to the point where the solution is now along the blue 

cocrystal solubility line, further evaporation begins to supersaturate the solution.  This is reflected 

by the left-most small red arrow above the solubility curve in Figure 23.  At this point, the system 

has moved into the phase where cocrystal exists in equilibrium with the solution and a cocrystal 

will begin to nucleate and grow.  As the coformers precipitate into a cocrystal phase, the 

concentrations of A and B in solution return to a point on the blue solubility curve along a line 

corresponding to the molar ratio of each coformer in the cocrystal (e.g. a slope of 1 for an equal 

molar ratio 1:1 cocrystal phase).  This line is represented by the left-most black line in Figure 23. 

As this process repeats itself, the system may slowly move along the blue cocrystal 

solubility curve.  In the case of Figure 23, this progression would occur to the right towards the 

solubility line of coformer B due to the excess coformer B that was originally in solution.  At the 

intersection of the cocrystal solubility curve and the solubility of coformer B, a stable point is 

reached.  Any precipitate that is formed could be either cocrystalline or pure crystals of coformer 

B due to local fluctuations.  The resulting growth causes the system to remain in this state and all 

further crystal growth results in both types of crystals forming. 

If a point was chosen that fell above the cocrystal stoichiometry slope (m = 1/1 in Figure 

23), a symmetric response would instead occur.  The system would again supersaturate at the 

cocrystal solubility curve but would instead progress towards the solubility of coformer A at which 

point, both coformer A and cocrystal would form.   If however, the molar ratio of both coformers 

is exactly the stoichiometric ratio of the only cocrystalline phase available, then the system will 

not migrate during this process.  This is because the solution proportionally loses solute as 

cocrystals form; the slopes of the evaporation and return lines are equal during precipitation.  The 
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point on the cocrystal solubility curve that corresponds to the stoichiometric ratio of the cocrystal 

is therefore an unstable equilibrium since the system will trend away from this point unless it is 

exactly on it. 

 These effects can easily be observed in the PTZ:TCNQ cocrystal system.  CESA samples 

of this system were prepared from acetone solutions on a glass microscope slide.  Individual 

acetone solutions of PTZ and TCNQ were prepared at concentrations of 2 mmol and then mixed 

at desired stoichiometric ratios (e.g. 3 mL of TCNQ solution and 1 mL of PTZ solution for a 1:3 

stoichiometry).  Then, 20 µL of the solution was pipetted onto a 8 mm diameter glass cylinder that 

was placed on top of the microscope slide.  Images of the crystals that grew can be seen in Figure 

24. 

 For a 1:1 stoichiometry, the cocrystalline rods formed throughout the sample.  These rods 

were determined to be PTZ:TCNQ cocrystals through Raman spectroscopy.  The Raman spectrum 

of multiple locations throughout this sample was taken.  The spectrum of one of these locations 

can also be seen in Figure 24 and shows a shift in the TCNQ Raman peaks when in the cocrystalline 

phase.  In particular, the 1205 and 1454 cm-1 TCNQ Raman peaks are shifted to 1196 and 1435 

cm-1.  Further, the 1600 cm-1 TCNQ peak splits into one peak at 1592 cm-1 and another at 1601 

cm-1.  At this stoichiometry, the system is indeed in a stable equilibrium and has predominantly 

produced a 1:1 cocrystalline phase throughout the sample. 
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Figure 24: PTZ:TCNQ cocrystals produced from a 1:1 stoichiometric ratio solution.  Optical 

microscope image is shown (left).  The cocrystal phase was uniform throughout the sample and 

was verified to be a cocrystal by the Raman spectroscopy (right).  The blue curve is the Raman 

spectrum of pure TCNQ crystals while the red curve is of cocrystals in this sample.  The red Raman 

spectrum shows a shift in the TCNQ lines indicating that the TCNQ molecules were in a 

cocrystalline phase. 

  

In contrast to the simple, equal stoichiometric case, the system becomes inhomogeneous 

when unequal stoichiometric solutions are prepared.  For example, 3:1 and 1:3 PTZ:TCNQ 

solutions were prepared for comparison using the same method described previously.  CESA 

crystals grown from these samples can be seen in Figure 25.  The 3:1 PTZ:TCNQ sample initially 

formed cocrystals as in the 1:1 case.  However, towards the end of the growth process, a stark 

change in morphology occurred as the remaining PTZ began forming simultaneously with the 

cocrystals producing more dense and curved crystals.  Similarly, for the 1:3 stoichiometric case, 

both cocrystal and TCNQ began forming very soon after the evaporation began.  This is indicative 

of this stoichiometric ratio being closer to the intersection of the cocrystal and TCNQ solubility 

curves. 
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Figure 25: CESA sample of a 3:1 and 1:3 PTZ:TCNQ solution.  The initial growth of the 3:1 

sample (top left) was cocrystalline with long needle-like growths.  As the sample progressed (top 

right), the morphology of the deposited crystals changed as the remaining PTZ began forming 

simultaneously.  In comparison, the final image (bottom center) shows a 1:3 sample in which small 

TCNQ platelets formed on the cocrystal rods almost immediately and continued throughout the 

sample. 

  

The implication of these results is that the 1:3 stoichiometric ratio solution is close to the 

intersection point of the cocrystal solubility line and the pure TCNQ solubility as both materials 

rapidly formed simultaneously.  In contrast, the 3:1 sample intersected the cocrystal solubility line 

first and over time moved towards the PTZ solubility.  This is consistent with the solubility of PTZ 

and TCNQ in acetone.  PTZ and TCNQ have solubilities in acetone of 1 M and 20 mM respectively 



67 

 

indicating that the TCNQ solubility is reached sooner.  As a result, a possible phase diagram for 

this system is shown in Figure 26.  A value of 0.00013 was used for the cocrystal solubility product 

so that the intersection with the TCNQ solubility line occurred for a stoichiometric ratio of about 

1:3 due to the experimentally observed result that both cocrystal and pure TCNQ nucleated readily 

for this stoichiometry. 

 

Figure 26: Possible phase diagram for an evaporating acetone solution of PTZ and TCNQ. 

The blue curve represents the cocrystal solubility while the red dotted line is the solubility of 

TCNQ in acetone and the green dotted line is the solubility of PTZ in acetone.  As the solubility 

of PTZ is quite high, on the right in the left diagram, a zoomed image is shown on the right to see 

the effect in concentrations less than 40 mM. 

  

As a result, it can be seen that most cases for this phase diagram are in fact trivial.  A 

cocrystal will always form at some point with excess coformer either forming throughout or at the 

end.  Further, the PTZ solubility line is unreachable for most solution stoichiometries implying 

that cocrystal and TCNQ should be the primary crystals that form.  The true power of this analysis 

method comes when multiple possible cocrystal stoichiometries are available.  In these types of 

systems, changes in the cocrystal stoichiometry are possible during evaporation. 
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5.3 Two Stoichiometry Phase Diagrams - Perylene:TCNQ 

 In the case of multiple cocrystal stoichiometries, the phase diagrams become more 

interesting due to the fact that even if a cocrystal stoichiometry is matched exactly, it is not 

guaranteed to form.  Instead, what also matters is where the solubility curves for each cocrystal 

stoichiometry intersect and which one is encountered first as the concentrations increase during 

evaporation.  The solubility product, Ksp, is calculated the same as before except exponential 

parameters a and b reflect the stoichiometric ratio of the available cocrystal phase. 

 Starting with some initial concentration as before, the system moves along a straight path 

during evaporation with a slope corresponding to the ratio of the coformers.  At some point, it 

intersects with a crystal or cocrystal solubility curve.  At that point, as before, the system 

evaporates along a line equal in slope to the stoichiometric ratio of the solution and returns to the 

solubility line at a slope equal to the stoichiometric ratio of the (co)crystal, as shown earlier in 

Figure 23.  The result of this is that the system will again tend to move away from the intersections 

of the solubility curves with the lines corresponding to the coformer ratios in the (co)crystals.  

Example diagram of two systems that could have a 3:1 and 1:1 stoichiometric cocrystal can be 

seen in Figures 27 and 28. 

 In Figure 27, the blue curve represents the 1:1 stoichiometric cocrystal solubility while the 

orange curve represents the 3:1 cocrystal solubility.  The green and red dashed lines are example 

maximum solubilities for coformers A and B.  Finally, the black dashed lines are the stoichiometric 

ratios for the 3:1 and 1:1 cocrystals.  The first figure (left) has Ksp values of 0.003 and 0.000017 

for the 1:1 and 3:1 stoichiometric cocrystal respectively.  These values were chosen to illustrate 
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two possible set of phase separations.  As a result, the intersection of the two cocrystal solubility 

curves shifts from between the two black stoichiometric lines to a point outside of this region. 

 

Figure 27: Possible phase diagram for a solution with multiple cocrystal stoichiometries. The 

orange and blue curves represent a 3:1 and 1:1 stoichiometry respectively.  The green and red 

dashed lines are the maximum solubilities of component A and component B.  Finally, the black 

dashed lines mark a 3:1 and 1:1 ratio of A:B.  Ksp values of 0.003 and 0.000017 for the 1:1 and 

3:1 stoichiometry cocrystals result in an intersection of the solubility curves between the two 

stoichiometry lines. 

 

The system in general will again try to move away from the cocrystal stoichiometry line 

that corresponds to the first solubility curve that it encounters as these locations are once again 

very unstable equilibria.  For example, in Figure 27, if the system starts at a concentration that is 

outside of either of the cocrystal stoichiometry lines, it will move towards the pure coformer 

solubility curves as in the single stoichiometry case.  However, if the system starts at a 

concentration that is between the cocrystal stoichiometry lines and the intersection between the 

cocrystal solubility lines occurs in this region as well, the system will move towards this 
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intersection and away from each solubility line.  At the intersection, evaporation can produce either 

cocrystal phase and the system will move to either side of the intersection.  However, further 

evaporation will always push the system back to this intersection resulting in the growth of a mix 

of both cocrystal stoichiometries. 

 

Figure 28: Alternate phase diagram for a solution with multiple cocrystal stoichiometries. In 

contrast to Figure 27, Ksp values of 0.006 and 0.000017 for the 1:1 and 3:1 stoichiometry cocrystals 

result in an intersection of the solubility curves to the right of both cocrystal two stoichiometry 

lines. 

  

In Figure 28, Ksp for the 3:1 cocrystal is still 0.000017 while a Ksp value of 0.006 is used 

for the 1:1 cocrystal instead.  This results in the intersection of the cocrystal solubility curves 

occurring outside the stoichiometry lines.  In this case, an initial 2:1 solution will evaporate until 

it intersects with the orange 3:1 cocrystal solubility curve.  It will then move to the right, away 

from the 3:1 stoichiometry line forming 3:1 cocrystals.  At the intersection with the blue 1:1 

solubility curve, the 1:1 cocrystal phase is now less soluble in solution and will begin to grow until 
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the system finally intersects the red dashed line and remains there until all solvent evaporates.  The 

symmetric case occurs if the intersection falls to the left of the cocrystal stoichiometry lines. 

 These types of diagrams can apply to perylene:TCNQ cocrystals as both 3:1 and 1:1 

cocrystal stoichiometries exist and will be referred to here as P1T1 and P3T1 to distinguish 

between 3:1 and 1:1 stoichiometric ratio samples [17, 18, 20].  A 2:1 cocrystal stoichiometry is 

also reported in literature [17] but has never been observed in this work implying that its solubility 

curve is unobtainable for the conditions considered here.  CESA samples were prepared by mixing 

individual 1 mM acetonitrile solutions of perylene and TCNQ at volumetric ratios equal to the 

desired stoichiometric ratio.  Then, a 20 µL aliquot was pipetted directly onto an 8 mm diameter 

glass cylinder and allowed to dry.  The results of a 3:1, 2:1, and 1:1 perylene:TCNQ stoichiometric 

ratio can be seen in Figure 29. 

 In Figure 29, reflection images of the beginning, middle, and end of CESA samples were 

taken in order to highlight any changes that occurred throughout the sample.  The growth direction 

was from top to bottom throughout each image.  Cocrystal stoichiometry was confirmed with 

Raman spectroscopy.  In the 3:1 sample, small and dark P1T1 cocrystal needles formed initially 

until ultimately, wide and reflective P3T1 cocrystal platelets began to simultaneously form as well.  

This simultaneous growth continued until the end of the sample implying that the system spent a 

long time around the intersection of the cocrystal solubility curves.  The 2:1 ratio sample showed 

a similar effect but the P3T1 cocrystal platelets only formed towards the very end of the sample 

implying that a long time was spent along the P1T1 solubility curve.  Finally, the 1:1 sample 

showed P1T1 cocrystals and reflective TCNQ throughout the entire sample. 
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Figure 29: 3:1, 2:1, and 1:1 perylene:TCNQ CESA samples. Shown are optical images of 

CESA samples prepared from solutions at a 3:1 (left column), 2:1 (middle column), and 1:1 (right 

column) stoichiometry.  Images were taken at the beginning, middle, and end of growth.  For the 

3:1 sample, the system produced small P1T1 rods and eventually resulted in a mix of both P1T1 

rods and P3T1 platelets.  The 2:1 sample followed the same path but only began producing P3T1 

platelets at the very end.  Finally, the 1:1 sample produced P1T1 cocrystals that were coated with 

small TCNQ crystals throughout. 

 

The formation of the cocrystals in Figure 29 can readily be explained using the phase 

diagram approach as described previously.  For the 1:1 sample, the system predominantly 

encounters the P1T1 cocrystal solubility curve while for both the 2:1 and 3:1 samples, the system 

manages to find the intersection point.  This implies that in both cases, the system moved away 

from the 1:1 stoichiometry line.  Further, at the 3:1 stoichiometry line, the cocrystal system 

encountered the 1:1 stoichiometry line first.  Therefore, the intersection between the two cocrystal 

solubility curves must occur to the left of the 3:1 stoichiometry line, as shown in Figure 30. 
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Figure 30: Possible perylene:TCNQ phase diagram for acetonitrile solutions. The orange line 

reflects the 3:1 cocrystal stoichiometry with a Ksp value of 4x10-13 while the blue line is for the 1:1 

stoichiometry with Ksp = 3x10-7.  The 3:1 and 1:1 stoichiometric ratios are reflected with the left 

and right black dashed lines respectively.  The green dashed line reflects the perylene solubility in 

acetonitrile.  The red arrows show the paths that the 3:1, 2:1, and 1:1 samples took in Figure 29. 

 

Figure 30 was produced using Ksp values of 3x10-7 and 4x10-13 for the P1T1 and P3T1 

cocrystals respectively.  This reflects the intersection of the cocrystal solubility curves being to the 

left of the 3:1 stoichiometry line as observed in the CESA samples.  While the intersection of these 

curves is not fundamentally a stable point, the sample may still end near this point due to the time 

over which evaporation occurs.  For 20 µL of solution, the total evaporation time is on the order 

of minutes meaning that the system may not have had enough time to fully explore its phase space. 

Figure 30 also highlights the first challenge of applying this method to CESA systems.  The 

measured solubility of TCNQ in acetonitrile is 17 mM (falling outside the graph in Figure 30).  If 

this is the case, the 1:1 stoichiometry sample should not have rapidly reached the TCNQ solubility 
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line in order to form TCNQ crystals.  This is possibly explained through the dimerization of TCNQ 

molecules in the solution.  If a lower solubility phase of small TCNQ complexes can form in the 

solution, then this could be represented as another solubility line in the phase diagram.  The system 

reaching this line would produce a joint phase of P1T1 cocrystals and small TCNQ complexes that 

would stabilize and continue to grow. 

 

5.4 Multiple Stoichiometry Phase Diagrams - PHG:Phenazine 

 Given the success that this approach demonstrated when applied to the perylene:TCNQ 

system, it seems appropriate to apply it to a system with even more available stoichiometries.  To 

do this, cocrystals formed using phloroglucinol (PHG) and phenazine are considered.   The 

PHG:phenazine system has been reported in literature by Sarma et. al. to have three cocrystal 

stoichiometries: a 1:1.5, 1:1.75, and 1:2 system [22].  Additionally, it can form a hydrate with 

stoichiometry of 1:2:1 PHG:phenazine:H2O.  Therefore, this is a system that can demonstrate the 

complexity of dealing with multiple cocrystal stoichiometries during this growth.  Additionally, 

the various cocrystal stoichiometries are have different optical absorption spectra giving them 

visually distinct colors and additional potential for a third way to differentiate them. 

 To investigate this system, reference crystals were grown using slow evaporation as 

reported by Sarma et. al. in order to establish the Raman spectra of each cocrystal stoichiometry.  

Solutions of 1:1 and 1:1.5 PHG:phenazine in ethyl acetate (EtOAc) were prepared in order to 

generate the 1:1.5, 1:1.75, and 1:2 cocrystal stoichiometries as reported.  Using this method, large 

1:1.5 and 1:1.75 cocrystals were grown however a 1:2 reference crystal was unobtainable.  Instead, 

1:2:1 hydrate cocrystals grew indicating that despite attempts to perform the evaporation under 



75 

 

dry conditions, water was still able to get into the system.  Unfortunately, PHG is highly water 

absorptive making hydrate formation very likely.  Despite this, reference crystals of three out of 

the four possible cocrystals were created and verified using powder x-ray diffraction.  The Raman 

spectra of these crystals, in addition to pure PHG and phenazine, were collected and are shown in 

Figure 31.  In particular, the PHG Raman peak located around 245 cm-1 exhibited both a shift and 

a split depending on the cocrystal form.  Further, the phenazine peak at 733 cm-1 was also shifted 

in the cocrystal and, in two samples, developed a shoulder.  These two peaks were therefore used 

to identify the cocrystal stoichiometry of unknown CESA samples. 

 

Figure 31: Raman spectra of  PHG:phenazine cocrystals. The 1:1.5 (black), 1:1.75 (red), and 

1:2:1 (orange) cocrystals all exhibited unique peaks at around 250 cm-1 that can be used to identify 

the cocrystal.  The phenazine (yellow) and PHG (blue) Raman spectra are also shown for 

comparison. 
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 With reference crystals established, CESA samples were then prepared for analysis.  

Individual solutions of 110 mM PHG and phenazine were prepared in acetone and mixed in 

volumetric ratios that corresponded to the desired stoichiometric ratio.  Then, a 20 µL aliquot was 

pipetted onto an 8 mm glass cylinder on top of a glass microscope slide and allowed to dry.  

Stoichiometric ratios of 3:1, 1.5:1, 1:1, 1:1.5, and 1:3 PHG:phenazine were considered.  The order 

that each cocrystal phase developed is shown in Figure 32.  For all samples with PHG 

concentrations greater than or equal to the phenazine concentration, PHG precipitated out first.  In 

general, this was always followed by 1:1.5, 1:1.75, and then 1:2:1 or an unknown cocrystal and 

finally any remaining phenazine.  Given the order of the formation, the unknown cocrystal 

spectrum is most likely associated with the 1:2 stoichiometry as it always was observed to grow 

near the end of the CESA deposition and often formed with pure phenazine indicating a high 

concentration of phenazine at that point.  It is known to be a cocrystal due to the presence of Raman 

shifted phenazine and PHG lines that occur in the spectrum. 

Stoichiometry 3:1 1.5:1 1:1 1:1.5 1:3 

Area 1 PHG PHG PHG 1:1.5 1:2:1 

Area 2 PHG + 1:1.5 PHG + 1:1.5 1:1.5 1:1.75 1:1.75 

Area 3 PHG + 1:1.5 1:1.75 1:1.75 U 1:2:1 

Area 4 PHG + 1:1.5 U 1:1.75 U + phen 1:1.75 

Area 5 PHG + 1:1.75 1:2:1 1:1.75 + U 1:2:1 U + phen 

 

Figure 32: The results of CESA cocrystal growth for different starting solution 

stoichiometries of PHG:phenazine. In general, the order of growth was PHG, 1:1.5, 1:1.75, 

Unknown cocrystal (U), 1:2:1, and phenazine. 

 

 Pictures and Raman spectra of the 3:1 and 1:1 ratio samples as examples can be seen in 

Figure 33 and 34 respectively.  In both figures, the growth direction is from top to bottom.  In 

Figure 33, the system starts with dark bands of only PHG powder.  Eventually, a sharp transition 
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occurs and the system stops purely producing PHG as 1:1.5 cocrystals begin to form.  Finally, the 

1:1.75 cocrystals begin to form simultaneously.  The different cocrystal stoichiometries seem to 

have noticeable differences in their reflection, perhaps due to the differences in their absorption 

spectra.  This indicates that the system most likely stayed close to the intersection of the cocrystal 

solubility curves and the PHG solubility.  In the 1:1 sample shown in Figure 34, the same transition 

occurs.  The system starts with fewer dark PHG formations and eventually transitions through 

1:1.5 and 1:1.75 cocrystals before simultaneously forming 1:1.75 and an unknown (most likely 

1:2) cocrystal.  This indicates that the system started close to the intersection of the PHG and 

cocrystal solubility curves but was able to, in this case, move away from this point. 

 

Figure 33: 3:1 PHG:phenazine CESA sample. The growth direction is from top to bottom.  The 

orange spectrum is PHG in the dark stripes of material.  The red spectrum is 1:1.5 cocrystal that 

begins to form just after the pure dark PHG region.  The system eventually transitions to 1:1.75 

cocrystal (blue spectrum) however these cocrystals are often mixed with PHG (black spectrum). 
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Figure 34: 1:1 PHG:phenazine CESA sample. The growth direction is from top to bottom.  The 

orange spectrum is again PHG though less material was deposited in this phase.  The red spectrum 

is again 1:1.5 cocrystal that begins to initially form.  Eventually the system transitions to 1:1.75 

cocrystal (black spectrum) and then simultaneously forms 1:1.75 and an unknown dark cocrystal 

that is possible 1:2 (blue spectrum). 

 

 

5.5 PHG:Phenazine Discussion 

 The results of the PHG:phenazine CESA experiments overall show an established growth 

pattern throughout the phase diagram.  In all samples, the system either produced PHG first, when 

an excess was present, followed by 1:1.5, 1:1.75, and most likely 1:2 cocrystals.  At face value, 

this seems inconsistent with the predicted stability points for the system.  However, when the phase 

diagram is considered, the limitations of this method become apparent.  An example phase diagram 

corresponding to the experimental results can be seen in Figure 35.  Ksp values of 0.001, 0.00054, 

and 0.00032 were used for the 1:1.5 (blue solid), 1:1.75 (orange curve), and 1:2 (yellow curve) 

cocrystals respectively.  These values were chosen based on the observed order of cocrystal 

formation.  The correspondingly colored dashed lines represent the stoichiometric ratios for each 
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cocrystal.  Finally, the black dashed lines represent the maximum solubilities of PHG and 

phenazine in acetone. 

 

Figure 35: Possible phase diagram for the PHG:phenazine system. The solid blue, orange, and 

yellow lines represent the solubility curves of the cocrystals respectively.  The similarly colored 

dashed lines are the stoichiometric ratios of each cocrystal.  Finally, the black dashed lines are 

possible solubility lines for the pure coformers. 

  

The first noticeable aspect of this phase diagram is the similarity between the cocrystal 

solubility curves.  In fact, the three curves almost overlap in some areas.  The available 

stoichiometric cocrystals in this system have very similar ratios of coformers.  As the CESA 

method is not truly an equilibrium process, evaporation may cause the system to push far into the 

region of supersaturation.  If the solubility curves are close together, then mixed cocrystal 

formation is highly possible.  This was readily seen in the 1:1 stoichiometric sample shown in 

Figure 34 where in one portion of the sample, the 1:1.75 cocrystal formed simultaneously with the 

1:2 cocrystal.  It can also be seen in the table in Figure 32 where both 1:1.75 and 1:2:1 cocrystals 
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formed throughout the entire sample.  Therefore, the first limitation of drawing predictions from 

this approach is that depending on the cocrystal stoichiometries available, it may not be easy to 

predict and produce a particular cocrystal stoichiometry when the energy difference between each 

is not significant enough to produce distinct phases. 

 

Figure 36: Two possible results for an evaporating solution that experiences a high degree of 

supersaturation. The black dashed lines correspond to the 3:1 and 1:1 cocrystal stoichiometries.  

The orange and blue curves correspond to the 3:1 and 1:1 cocrystal solubilities.  On the left red 

path, the system is supersaturated such that both cocrystal stoichiometries can form.  On the right 

red path, the system does not become supersaturated with respect to each cocrystal and only a 1:1 

cocrystal stoichiometry forms. 

  

This scenario of multiple cocrystals forming simultaneously could also be apparent if the 

evaporation occurred too rapidly.  This case would be very similar to the reprecipitation method, 

used in Chapter 4, where the system is rapidly pushed to a high degree of supersaturation.  Both 

scenarios could be expressed with these phase diagrams with the evaporation path pushing far 

above the cocrystal solubility curves.  In Figure 36, two paths are shown.  The left red path goes 
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to a point above both the orange and blue 3:1 and 1:1 cocrystal solubilities.  In doing so, it returns 

to an equilibrium state by producing first by producing a 3:1 cocrystal stoichiometry followed by 

a 1:1 cocrystal stoichiometry.  The sample therefore has an inhomogeneous phase.  However, if 

concentrations were chosen so that the right red path was taken, only the 1:1 cocrystal 

stoichiometry is produced.  

 Second, as with the case of TCNQ for perylene:TCNQ cocrystals in section 5.3, the 

maximum solubilities of the pure PHG and phenazine in acetone indicated by the CESA 

experimental results does not agree well with their actual measured values.  The solubility of 

phenazine in acetone was found to be about 110 mM and in reasonable agreement with the 

experimental CESA results.  However, the measured solubility of PHG in acetone was found to be 

closer to 1.5 M.  This value is significantly different than the solubility of phenazine and is 

inconsistent with the CESA results.  If the solubility of PHG in acetone was truly this high, a pure 

PHG phase should not be observed first in the 3:1, 1.5:1, or 1:1 CESA samples where instead, the 

system should immediately encounter a cocrystal solubility curve.  Again, the most probable 

answer is that PHG in acetone begins to form pure complexes in solution that do not rapidly grow 

into a precipitate.  This would offer a lower solubility PHG phase where noticeable nucleation in 

solution does not occur but PHG that might have been available to form a cocrystal is no longer 

able.  This possibility is not currently considered in this model however it could be added to the 

phase diagram if the concentration at which these complexes form was known.  Unfortunately, 

this is difficult to determine for PHG in solution as the acetone solvent absorbs in the same 

wavelength range as the PHG, eliminating optical absorption spectroscopy as an analysis method. 
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 Despite these challenges that can occur when applying these phase diagrams to the CESA 

method, they can still be useful tools for explaining the observed cocrystal formation.  Though 

there is difficulty in distinguishing between PHG:phenazine cocrystal solubility curves, there is 

clear indication that the order in which the different cocrystal stoichiometries form follows the 

order in which the system would encounter the different solubility curves.  Further, this work has 

shown that the simpler cases of both one cocrystal stoichiometry (PTZ:TCNQ) and two sufficiently 

distinguishable stoichiometries (perylene:TCNQ) can be readily explained by these phase 

diagrams.  With this in mind, future research should look to predict how desired cocrystal phases 

can be achieved from the CESA method by considering the solubility products of these materials.  

This understanding could be key to the investigation and functionalization of CESA cocrystals in 

practical applications. 
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6. PTZ:TCNQ Field Effect Transistors 

6.1 Background 

 Phenothiazine (PTZ) and 7,7’,8,8’ tetracyanoquinodimethane (TCNQ) are reported in 

literature to form a cocrystal that would be interesting for optoelectronic applications [63].  In 

particular, it was predicted to have ambipolar properties with small electron and hole effective 

masses making it a potentially ideal semiconductor for organic field effect transistors.  To this end, 

it is investigated here using the CESA method to induce the formation of the cocrystals so that 

they can be readily integrated with electrodes for the production of working electronic devices.. 

Field effect transistors (FETs) are fabricated using the CESA grown PTZ:TCNQ cocrystals 

in order to produce an estimate for the charge carrier mobility of the material.  This is done in 

order to assess PTZ:TCNQ’s viability as a semiconducting material.  In addition, temperature 

controlled measurements are performed in order to investigate mechanism of charge transport in 

PTZ:TCNQ cocrystals.  The results of these experiments demonstrate the likelihood that the main 

mechanism of charge transport is hopping.  Fitting to equations derived for the hopping model 

produces an estimate of the activation energy in the material that must be overcome for conduction 

to occur. 

In addition, this work serves as a demonstration of the effectiveness of the CESA method 

at producing an ordered film on a substrate for integration into a practical device.  Two different 

OFET configurations are considered here: a bottom contact, bottom gate and a top contact, bottom 

gate configuration.  Both are common configurations for traditional organic field effect transistors.  

The CESA method is readily applicable to devices of either configuration and is in no way limited 

to the PTZ:TCNQ cocrystals that are considered here.  Its practicality can hopefully influence 
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future exploration of materials due to the ease with which the deposition of these organic films can 

be achieved. 

 

6.2 Controlled Evaporative Self-Assembly of PTZ:TCNQ Cocrystals 

 Cocrystals grown for all experiments performed in this chapter were done with the 

controlled evaporative self-assembly (CESA) method as described in Section 2.4.  PTZ and TCNQ 

were used from Sigma-Aldrich without further purification.  Individual 2 mM solutions of PTZ 

and TCNQ were prepared in acetone.  These solutions were then combined and allowed to stir for 

several minutes.  An 8mm diameter hollow glass rod was placed such that one of the two crystal 

arrays produced fell in a desired location on a silicon wafer.  Then, a 20 μL aliquot of the combined 

solution was taken and pipetted directly onto the glass rod for crystal growth.  The resulting 

cocrystals formed in ordered arrays on either side of the glass rod. 

 

6.3 Bottom Contact Bottom Gate Configuration Fabrication 

 Initial FETs were produced using a bottom contact bottom gate structure as is consistent 

with thin film transistor fabrication [5].  An example of this configuration can be seen in Figure 

37.  For these experiments, a P-doped (B) silicon wafer with a silicon oxide insulating layer was 

used as an insulated gate electrode.  Gold electrode patterning was performed by Samantha Hung.  

First, a portion of the silicon oxide layer was scratched away allowing access to the silicon below.  

Then, a ~200 nm thick gold layer with a ~50 nm thick chrome adhesion layer was deposited onto 

silicon wafers via sputtering.  Next, a layer of PMMA was spin coated onto the wafer and the 

desired electrode pattern was created in the PMMA layer using photolithography.  Finally, with 



85 

 

the PMMA patterned, the gold/chrome layer was etched away using gold etchant TFA and a 1:3 

diluted chrome etchant TFN. 

 

Figure 37: Diagram of a bottom contact bottom gate transistor configuration. This electrode 

configuration is commonly used for polymer thin film transistors.  Here, cocrystals are grown 

directly on a silicon wafer with prepatterned electrodes for device integration. 

  

This process produced a series of gold pads as shown in Figure 38.  Each pad was a 1 cm 

square with a 50 μm gap etched away to produce two electrodes.  Then, cocrystals were grown 

across this gap, also shown in Figure 38.  This electrode configuration produced two primary 

benefits.  First, the electrodes are essentially reusable.  Cocrystals can be washed away in a good 

solvent like acetone and regrown as needed.  Second, this electrode configuration is easily 

applicable to CESA, since only initial alignment of the glass rod is needed for material deposition. 
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Figure 38: Bottom contact bottom gate PTZ:TCNQ devices. Left: The gold test pads used for 

bottom contact bottom gate devices.  The pads are 1 cm square with a 50 μm gap etched away.  

The horizontal films across multiple pads are films of PTZ:TCNQ cocrystals formed from CESA.  

Right: An optical microscope image of a bottom contact bottom gate FET.  Cocrystals can be seen 

across a 50 μm gap between two gold electrodes. 

 

6.4 Bottom Contact Bottom Gate Configuration Results 

 Device performance using these electrodes was consistent across multiple samples.  An 

example transfer curve can be seen in Figure 39.  In this example, the FET had a voltage of 9V 

applied across its source-drain electrodes.  The estimated electron mobility of the device, 

determined using Equation 6 in Chapter 2, was found to be of order of magnitude 10-5 cm2/Vs.  

Devices were additionally measured with applied source-drain voltages that ranged from -50V to 

50V.  Applied gate voltage was always swept between -60V and 60V. 
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Figure 39: An example transfer curve of a bottom contact bottom gate PTZ:TCNQ FET. The 

source-drain voltage applied to this device was 9V.  In particular, these devices showed a large 

amount of hysteresis as well as a poor electron mobility of ~10-5 cm2/Vs. 

 

In particular, these devices demonstrated several key factors that are less than ideal.  First, 

there is no indication of the ambipolarity that is expected of PTZ:TCNQ cocrystals and the electron 

mobility that is measured here is 2-3 orders of magnitude lower than that reported in literature 

[16].  This could be due to a large hole injection Schottky barrier that is often a concern in organic 

semiconductors [9].  A charge carrier injection barrier is always a possibility due to the work 

function mismatch between the electrodes in the device and the semiconducting material.  The 

work functions of common metals such as gold and chrome tend to fall between 4.5 and 5.5 eV.  

In contrast, the work functions of many organic semiconductors tend to be closer to 1 eV.  Due to 

this, often organic electronics look for electrode alternatives such as calcium for improving 

conduction [64].  However, since reports for cocrystals in literature, in particular for PTZ:TCNQ 
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and perylene:TCNQ cocrystals, use gold electrodes and have reported ambipolarity, this is most 

likely not the primary cause [16, 17]. 

Instead, the lack of hole conduction can most likely be attributed to trap states that occur 

in the cocrystal. Since the crystals are solution grown on a substrate, there is a high possibility of 

traps being introduced during the growth process that could impede both hole and electron 

conduction.  Traps can occur due to buildup of hydroxyl groups on the SiO2 wafer that then become 

situated between the wafer and the semiconducting material during deposition.  A common method 

in organic electronics of eliminating these buildups is by applying a silane solution to the substrate 

in order to passivate these sites [64].  To hopefully passivate the substrate, a patterned Si/SiO2 

wafer was soaked in a 5 mM solution of octadecyltrichlorosilane in hexane for 24 hours as done 

by others in literature [64].  After this process, the wafer was rinsed in hexane and allowed to dry.  

An attempt was made to grow PTZ:TCNQ cocrystals using the CESA method on this dried wafer.  

During the CESA method, crystals did not nucleate and grow consistently.  Instead, only scattered 

crystals grew with most growth occurring at the final stages of evaporation.  Thus, the silane 

treatment clearly adhered to a large amount of the wafer’s surface area indicating that traps were 

most likely heavily present.  However, the change in surface chemistry most likely affected the 

surface tension during the CESA process disincentivizing cocrystal growth. 

Finally, experiments were performed to investigate the influence of a bend in the cocrystals 

causing excessive defects or a resistive barrier to conduction that had to be overcome in these 

devices.  The thickness of the cocrystal layer is ~200 nm.  This is comparable to the thickness of 

the gold electrodes deposited onto the SiO2 layer meaning that a significant bend must occur as the 

cocrystals grow into the gap between the electrodes.  This effect is shown in Figure 40. 
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Figure 40: Diagram of the possible bending in bottom contact bottom gate FETs. The 

cocrystal must transition from the gold electrodes to the silicon dioxide layer.  While the angle of 

the bend and whether or not the material grows up to the edge of the gold electrodes is unknown, 

the material may still be impacted by this electrode geometry. 

 

To investigate the effect of this bend, PTZ:TCNQ FETs were fabricated using graphene 

electrodes.  Graphene electrodes would only be a few atomic layers thick eliminating most of the 

bend that is apparent in metal electrodes.  These electrodes were supplied by Peize Han of the 

Barbara lab group at Georgetown University and were consistent with the 1cm2, 50 μm gap pads 

used before.  An example transfer curve of one of these devices can be seen in Figure 41.  Overall, 

while this device’s off-current was higher, the charge carrier mobility did not meaningfully 

improve.  The graphene electrode devices still possessed a mobility of ~10-5 cm2/Vs.  Therefore, 

since no meaningful improvement was made to the carrier mobility by reducing the cocrystal bend, 

the bend is most likely not a meaningful factor in device performance.  For this reason and the fact 

that working with graphene electrodes is difficult due to their delicate state, further use of graphene 

electrodes for devices was not explored. 
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Figure 41: Transfer curve for a graphene electrode PTZ:TCNQ FET. The applied source-

drain voltage was 5V.  This device’s performance was comparable to that of the metal electrodes 

with an estimated mobility of 10-5 cm2/Vs. 

 

The results of these experiments highlight some of the difficulties that can come from a 

bottom contact bottom gate FET configuration.  The connectivity between the cocrystals and the 

electrode layer can often be poor.  This is due to the presence of traps as well as poor interface 

connectivity due to limited contact area and potential surface roughness on the electrodes [65].  To 

remedy these issues, a top contact bottom gate configuration will be considered in order to produce 

a direct and maximized contact area on the cocrystals. 

 

6.5 Top Contact Bottom Gate Configuration Fabrication 

 To improve device performance, a second electrode configuration was investigated in order 

to compare with the thin film transistor configuration.  This configuration consists of PTZ:TCNQ 
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cocrystals grown directly onto a Si/SiO2 wafer using the CESA method as described earlier.  After 

this, metal electrodes are deposited directly on top of the semiconducting cocrystals producing 

good, direct contact between the metal and the cocrystal channel.  A schematic of the top contact 

bottom gate FET configuration is shown in Figure 42.  To perform this metal deposition, sputtering 

was used in conjunction with a metal shadow mask to create an electrode pattern. 

 

 

Figure 42: Top contact bottom gate device configuration. PTZ:TCNQ is grown using the CESA 

method directly onto the oxide layer of a silicon wafer.  A portion of this oxide is scratched away 

and using a shadowmask, the desired electrode pattern is deposited. 

 

The shadow mask used to control the metal deposition consisted of a 36 gauge (127 μm 

diameter) wire and a metal covering with either a rectangle or circular opening.  First, as shown in 

Figure 43, a strand of wire was placed over top of one of the two grown segments of cocrystals.  

Then, a metal mask containing either 3 mm x 1 cm square holes or 0.25 inch (3.175 mm) circular 

holes was placed over top of it and secured with Kapton tape.  This leaves exposed two large 

~3mm wide areas separated by the stainless-steel wire for sputtering.  As the wire is curved, during 

sputtering metal atoms do deposit beneath the curves of the wire meaning that a true 127 μm gap 

is not possible with this configuration.  However, a consistent 85 +/- 3 μm gap was achieved. 
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Figure 43: The process for applying shadowmasks for the PTZ:TCNQ FETs. First, rows of 

cocrystals are deposited onto a silicon wafer using the CESA method.  Then, a 36-gauge wire is 

placed over one of the rows of cocrystals.  Finally, metal shadowmasks with either rectangular or 

circular holes are attached over these wires with Kapton tape. 

 

For sputtering, the CVC magnetron sputtering system in GNμLab at Georgetown 

University was used to deposit a 15 nm thick adhesion layer of Titanium followed by layer of gold.  

A list of the steps required for using the CVC to perform this process is given in Appendix A.  

Given that the PTZ:TCNQ cocrystals are already deposited onto the SiO2 wafer during this 

method, care must be given to the sputtering conditions in order to protect the crystals during the 

process.  Therefore, both the sputtering power (and thus sputtering rate) as well as the gold 

thickness (or essentially sputtering time) were varied to investigate the optimal settings for device 

fabrication.  In particular, three cases were considered as shown in Figure 44.  In all cases, 15 nm 

(150 Å) of titanium were used as an adhesion layer for the gold onto the SiO2 layer.  However, the 

deposition rates of both metals and the thickness of the gold layer were varied. 
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Case 

Ti Thickness 

(Å) 

Ti Deposition 

Rate (Å/s) 

Au Thickness 

(Å) 

Au Deposition 

Rate (Å/s) 

1 150 1.3 1000 2.6 

2 150 1.3 5000 2.6 

3 150 0.3 5000 0.8 

 

Figure 44: Titanium adhesion layer and gold contact layer thicknesses and deposition rates 

considered for Top Contact Bottom Gate FET electrodes. 

 

In case 1, a Ti deposition rate of 1.3 Å/s and an Au deposition rate of 2.6 Å/s were used.  

A 100 nm (1000 Å) layer of gold was deposited.  The resulting electrodes did not damage the 

PTZ:TCNQ cocrystals but were reasonably thin.  In these devices, the electrode thickness 

increased the likelihood of damage occurring during probing.  This likely led to current leaks from 

the gate electrode which hurt the device’s performance.  Because of this, Case 2 was considered 

in which the metal deposition rates were unchanged but 500 nm (5000 Å) of gold was used to 

eliminate the possibility of poking through to the gate contact during testing.  In this case, 

significant cocrystal destruction occurred.  Any section of the sample that was directly in contact 

with the metal shadow mask appeared to be destroyed.  This is most likely due to heating of the 

metal wire caused by the prolonged bombardment of Au ions.  Under a microscope, these regions 

simply appeared bare; only the SiO2 layer could be seen, as shown in Figure 45.  In particular, the 

region under the wire was destroyed meaning no electrical connection could occur.  Further tests 

with a rectangular wire as opposed to a cylindrical one confirmed that this was not due to pressure 

between the small surface area of the cylindrical wire and the cocrystals. 
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Figure 45: Damaged PTZ:TCNQ cocrystals during electrode deposition. The destroyed region 

under the metal shadowmask (the dark region) that occured for higher sputtering rate depositions 

is shown.  Cocrystals that survived and were coated in metal can be seen at the top and bottom of 

the image. 

 

Instead, when Case 3 was utilized, the crystals appeared to remain intact, functional device 

yield per wafer was significantly increased, and device performance was consistent with devices 

produced in Case 1.  Therefore, it is most likely apparent that heat dissipation in the metal shadow 

mask was poor since a less intense deposition for a significantly longer period or a more intense 

deposition for a short period of time allowed the cocrystals to remain safe.  Total gold deposition 

times were ~2.5 hours for Case 3, ~30 minutes for Case 2, and ~ 6 minutes for Case 1. 

An optical image of a functional device can be seen in Figure 46.  The purple background 

is the silicon oxide layer while the PTZ:TCNQ cocrystals can be seen to bridge the gap between 

the two gold electrodes.  SEM images of a similar functional device are also in Figure 47 and 

provide another view of the cocrystals in the device. 
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Figure 46: Optical image of PTZ:TCNQ cocrystals in a functional FET. The yellow regions 

consist of the gold electrodes overtop of an array of cocrystals.  The gap between the electrodes in 

the center of the image shows the exposed cocrystals with the purple silicon-oxide layer behind 

the crystals. 

 

 

Figure 47: SEM Images of PTZ:TCNQ cocrystals in the top contact bottom gate electrode 

configuration. The left image shows the metal electrodes (in the brighter areas) and the exposed 

cocrystals in the gap.  The right image is a magnified image of the center of the left image showing 

the cocrystals.   
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6.6 Top Contact Bottom Gate Configuration Results 

 Device performance using these electrodes was consistent across multiple samples.  An 

example transfer curve representative of the best device performance achieved can be seen in 

Figure 48.  In this example, the FET had a voltage of 5V applied across its source-drain electrodes.  

The estimated electron mobility of the device, determined using Equation 6 in Chapter 2, was 

observed to be 3 x 10-4 cm2/Vs.  The applied gate voltage was always swept between -60V and 

60V. 

 

 

Figure 48: Example transfer curve for top contact bottom gate PTZ:TCNQ FETs. The 

estimated electron mobility was 3x10-4 cm2/Vs. 

  

In comparing Figure 48 to the performance of a bottom contact bottom gate device as in 

Figure 39, several differences become apparent.  First, the hysteresis in the device is considerably 

less.  Hysteresis is a phenomenon in which a material property lags changes in the effect causing 
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it.  In transistors, this results in the transfer curve appearing as a loop with each side of the loop 

corresponding to the forward and return sweep of the material [66].  If no hysteresis was present, 

the device would retrace itself along a single line as the gate voltage is swept.  The width of the 

loop at half the height is 25 V in Figure 48 compared to 35 V in Figure 39 indicating that a smaller 

loop, and therefore less hysteresis, is present.  Further, the curve in Figure 48 retraces itself along 

the hysteresis loop with only slight deviations for several cycles.  As the hysteresis in organic 

semiconductors is often caused by trap states [66], this result is indicative of fewer traps being 

present in the interface of the cocrystal and the gate dielectric. 

 The second thing that is apparent about the curve in Figure 48 is that still no significant 

hole conduction occurs in the device.  As this result is consistent for both electrode configurations, 

it is indicative of either a hole impeding barrier existing at the metal-cocrystal interface [64] or 

crystal defects in the material impeding hole conduction.  Additionally, hole traps could also be 

possible at the interface between the cocrystals and the gate dielectric.  Further exploration of this 

problem begins to become a question of device engineering as both variation of the contact metals 

and surface treatments of the silicon wafer would need to be explored.  However, these have not 

been fully explored at this time. 

 

6.7 Temperature Dependence Experiments 

 To investigate the conduction mechanism in CESA grown PTZ:TCNQ cocrystal 

transistors, experiments involving the controlled variation of the temperature of the device were 

performed.  At various temperatures between 350K and 120K transfer curves were collected and 

analyzed in order to determine the off-current of the device.  Further, an estimate of the field-effect 
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mobility using both the forward and return sweeps of the curve was obtained in order to compare 

the device’s response to predictions given by various existing models.  The test device experienced 

a significant change in performance throughout the temperature range.  An increase and decrease 

in conduction were observed for temperatures above and below room temperature respectively.  

After each test, the device was allowed to return to room temperature and was observed to return 

to a similar performance level indicating that no meaningful damage was done to the device during 

testing. 

 A temperature range from 280K to 350K was probed using a Peltier heater that was 

controlled by a TC-720 Thermoelectric Temperature Controller.  A silicon wafer containing the 

test devices was attached to the Peltier heater using AOS 52022JS thermal grease.  A feedback 

thermistor to monitor the temperature of the wafer was also attached using thermal grease ~5 mm 

away from the device being tested. 

 For temperatures from 120K to 293K, devices were measured in a cryostat at a vacuum 

pressure of ~5x10-5 Torr.  Using conductive silver paste, leads were attached to the existing gold 

electrodes in order to interface with the cryostat system.  No significant difference in device 

performance due to the silver paste and leads was observed near room temperature indicating that 

the vacuum pressure and extension wires did not significantly impact device performance. 

 Example transfer curves from select temperatures during heating are shown in Figure 49.  

While heated, these curves experienced a significant increase in off-current compared to the 

device’s room temperature performance.  The off-current is defined as the current conducted 

through the device when the gate voltage is not facilitating conduction.  In these curves, which are 

not showing ambipolar characteristics, the off-current can be determined by measuring the current 
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conducted at a large negative gate voltage.  For the heating curves in Figure 49, this value increased 

from 5 to 21 nA as the temperature increased from 296 to 353 °C.  However, the overall slope of 

the linear portion of the response curve, and thus the device’s calculated field effect mobility, only 

changes slightly.  When cooled, the transfer curves showed a similar trend, as shown in Figure 50.  

The off-current decreases with temperature and trends towards a value of zero for the lowest 

temperatures.  Further, the slope of the response curve also decreases with temperature, suggesting 

that charge carrier mobility decreased as electrons became unable to escape from localized states. 

 

Figure 49: Transfer curves generated by heating a device. This device was heated from room 

temperature to 353 K. 
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Figure 50: Transfer curves generated by cooling the same device as in Figure 49. The device 

was cooled from room temperature to 180 K. 

 

 A comparison of the field effect mobility versus temperature as measured from the transfer 

curves is shown in Figure 51.  On the left curve, mobility values are calculated from the slope of 

the forward sweep of the transfer curve.  On the right, mobility values are measured from the return 

sweep.  In an ideal case, the slope of the forward and return sweep ought to be equal but the 

presence of traps in the system can skew the results.  Due to this, slight differences can be seen 

between the mobility values calculated for the forward and return sweeps.  Both methods of 

calculating the mobility will be considered here.  
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Figure 51: Field Effect Mobility vs Temperature for forward (left) and return (right) transfer 

curves. 

 

6.8 PTZ:TCNQ Conduction Mechanism 

 Organic semiconductors tend to conduct through hopping due to the localized electronic 

states in the system.  Hopping models tend to predict the opposite temperature dependence 

compared to systems where band-like transport occurs.  In band-like transport, the primary 

impedance to conduction is lattice scattering where thermal energy in the lattice causes atoms to 

vibrate and impede electron movement [67].  As a result, mobility scales as 𝜇 ∝  𝑇−3
2⁄  and 

increases at low temperatures as lattice vibrations are frozen out.  In contrast, hopping models 

predict the opposite effect where mobility should decrease at low temperatures. 

 Here, four hopping models are considered and fit to the data in Figure 51 in order to 

demonstrate that hopping does occur in the PTZ:TCNQ cocrystal.    

 

Hopping and Variable Range Hopping 

 Hopping and variable range hopping developed as concepts to explain the conduction 

mechanism in amorphous organic semiconductors where charge carriers are contained in localized 
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energy states and a traditional conduction band does not exist.  An initial derivation of the topic 

was performed by Mott in the late 1960s and further summarized by him in a textbook in the 1970s 

[68].  Though this analysis was originally proposed for amorphous organic transistors, it has been 

applied to a variety of systems [69] and could potentially apply to organic molecular crystals where 

charge carriers are thought to be contained in localized energy states. 

 The author begins by considering a scenario in which thermally activated hopping by 

electrons occurs between states near the Fermi energy.  For example, an electron in a state just 

below the Fermi energy would be able to jump to a nearby unoccupied state just above the Fermi 

energy.  Further, this jump does not have to occur between nearest neighbor molecules but instead 

depends on the overlap of the wavefunctions and how strongly localized the charge carriers are. 

The probability of this transition occurring depends on three factors: a Boltzmann factor 

scaling as exp(-W/kBT), where W is the energy difference between the initial and final states, a 

term, νph, depending on the phonon spectrum, and a term depending on the overlap of the 

wavefunctions for the two states involved in the transition.  However, only the Boltzmann 

distribution and the term νph carry a temperature dependence.  Mott reasoned that the dominant 

temperature dependence comes from the νph term due to the tendency for an electron to jump to a 

similar energy state such that W in the Boltzmann factor is minimized.  After calculating νph, he 

determines that the scaling for the conductivity (and thus the mobility) ought to follow the 

expression shown in Equation 10.  In this equation, B is a constant depending on the density of 

charge carriers and d reflects the dimensionality over which hopping can occur (for example 3 or 

2 for a bulk material and 2-D thin film respectively). 
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μ(𝑇)  ∝  A exp (− (
𝐵

𝑇
)

1

𝑑+1
)  (Eqn. 10) 

  The results of fitting the Mott equation for d = 3 to the mobility data in Figure 51 is shown 

in Figure 52.  The fitting was performed using a least squares fit in the Python Scipy library.  The 

fit returned values of A = 8.3 x 109 cm2/Vs and B= 2.7 x 108 K with R2 = 0.95 for the forward 

curve and A = 3.8 x 1013 cm2/Vs, B= 7.0 x 108 K, and R2 = 0.93. 

 In case this model can be thought of as more of a two dimensional conductor, as all of the 

conduction is thought to occur close to the interface of the cocrystals and the dielectric layer, d = 

2 was also considered.   The fit returned values of A = 2.3 x 107 cm2/Vs and B= 3.4 x 107 K with 

R2 = 0.96 for the forward curve and A = 1.2 x 109 cm2/Vs, B= 7.1 x 106 K, and R2 = 0.94.  These 

fits are shown in Figure 53. 

In both the d = 2 and d = 3 cases, this model does not quite capture the proper curvature 

that is observed in the data for the mobility curve.  In particular, it does a poor job fitting to the 

high temperature region.  Also, the values required to fit the curve appropriately are unreasonably 

large with 108K corresponding to an energy of ~8000 eV.  These numbers are simply unrealistic 

for the physical parameters of the system.  Therefore, this model most likely does not apply to this 

system. 
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Figure 52: Fitting the Mott Formula for a d = 3 to mobility data calculated from the forward 

(left) and return (right) transfer curves in Figure 51. 

 

 

 
Figure 53: Fitting the Mott Formula for a d = 2 to mobility data calculated from the 

forward (left) and return (right) transfer curves in Figure 51. 

 

 When d was instead not restricted to a value but instead allowed to be varied during the 

fitting routine, a better fit to the data was obtained.  As shown in Figure 54, a model of this trend 

did come closer to fitting the data observed in Figure 51 however d was found to be an illogical 

value.  In this case, fitting returned the following parameters for the forward and return mobility 

measurements respectively: A = 6.9 x 10-2 cm2/Vs, B= 1.3 x 103 K, d = -0.11, R2 = 0.97 for the 

forward curve and A = 9.1 x 10-3 cm2/Vs, B= 5.6 x 102 K, d = -0.46, R2 = 0.98 for the return curve. 
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In this case, the fit to the data is significantly improved.  The curvature of the data is better 

matched and the values for B correspond to ~0.1 eV which is a more believable energy scale.  

However, care must be given when considering the fit values of d as they imply negative and 

fractional dimensionality.  Though it is possible that this relates to the branching in the cocrystals, 

further consideration of how this could be applied would be necessary at this time.  Further, the 

exponent 
1

𝑑+1
 is found to be 1.1 and 1.8 indicating that a good fit could potentially be obtained 

from an expression that follows the much simpler Arrhenius equation. 

 

 

Figure 54: Fitting the Mott Formula with d as a variable parameter to mobility data 

calculated from the forward (left) and return (right) transfer curves in Figure 51. 

 

Vissenberg-Matters Model 

   The Vissenberg-Matters model is another common model applied to organic field effect 

transistors[48].  As with Mott, the authors sought to explain the temperature dependence of the 

mobility in amorphous organic transistors employing variable range hopping, however they come 

to a different scaling result.  Their key assumption is that they can treat the system as a resistor 

network as defined by percolation theory.  This implies that the following equations are true: 
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Gij = G0  exp(−sij)   (Eqn. 11) 

 sij = 2αRij +  
|ϵi−ϵF|+|ϵj−ϵF|+|ϵi−ϵj|

2 kBT
   (Eqn. 12) 

Here, Gij is the conductance between arbitrary sites i and j.  The first term of sij reflects the 

tunneling process between the two sites and depends on an overlap parameter α and the distance 

between the two sites, Rij.  Further, the second term of sij is described by the authors to take into 

account the activation energy of the hop and the occupational probabilities of sites i and j. 

 While their further work looks to describe the conductivity, σ, in terms of occupation, 

temperature, and a dimensionless percolation criterion Bc, the temperature dependence of the 

conductivity, and thus the mobility, is found to heavily depend on this expression based on 

percolation theory.  Thus, they conclude that for activation energy (EA): 

µ =  A exp (−
EA

kBT
) (Eqn. 13) 

 Fitting this response to my data yields a reasonable fit as shown in Figure 55.  The best fit 

parameters were A = 1.8 x 10-1 cm2/Vs and EA= 0.16 eV (R2 = 0.97) for the forward curve. For the 

return curve, they were A = 1.2 cm2/Vs and EA = 0.21 eV (R2 = 0.97).  

 

Figure 55: Fitting the Vissenberg-Matters scaling to mobility data calculated from the 

forward (left) and return (right) transfer curves in Figure 51. 



107 

 

 The Vissenberg-Matters model gives a much more believable fit to the data.  Though it is 

originally derived for an amorphous organic semiconductor in which charge carriers hop variable 

distances to available sites, it makes sense that its scaling might be applicable to a crystalline 

system.  In a cocrystal, there would still be an activation energy EA that is required for a charge 

carrier to dissociate from the ground in the charge transfer interaction and hop to the next available 

site. 

 

Polaronic Hopping in Molecular Crystals 

 A discussion of how charge carriers behave in organic molecular crystals of a single 

molecular component, as opposed to charge transfer cocrystals with a donor and acceptor molecule 

pair, can be found in Pope and Swenberg [70].  They describe how conduction in organic molecular 

crystals often fall into two extreme categories: either a band conduction model for high mobility 

conductors (μ >> 1 cm2/Vs) that scales as μ ∝  T−n or a hopping model for low mobility 

conductors (μ << 1 cm2/Vs) scaling as µ ∝ exp (−
EA

kBT
), where EA is an activation energy. 

 When the charge carriers of a molecule are strongly localized and the lattice phonons are 

strongly coupled to a charge carrier, the result is the formation of a localized polaron.  Motion 

between these molecular sites occurs when the configuration of lattice atoms distorts to allow the 

charge carrier to have the same energy on either site.  Therefore, a hop can only occur when thermal 

fluctuations in the lattice produce an activation energy Ea that allows an electron to decouple and 

move to a neighboring site.  The resulting equation has the following scaling: 

µ ∝ T−3/2 exp (−
EA

kBT
) (Eqn. 14) 
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 Shuai et. al. [71] also comes to a similar scaling for the mobility in Triphenylamine dimers 

using Marcus transport theory to model the charge transport as a Brownian process.  Their 

expression can be seen in Equation 15.  In this case, they define a term λ to be the reorganization 

energy, or rather the energy to allow a deformation in the lattice such that the polaron in the 

material can move.  They describe this as, for hole conduction in this material, the energy needed 

to transition the polaron from an M1
+M2 state to an M1M2

+ state where the small excess of charge 

now resides on the neighboring molecule.  This equation can be related back to the one derived by 

Pope and Swenberg.  The authors note that λ/4 is defined as the charge transfer reaction barrier, or 

rather the energy barrier that must be overcome for conduction to occur resulting in a similar 

expression as in Equation 14 [72]. 

µ ∝ T−3/2 exp (−
λ

4 kBT
) (Eqn. 15) 

The scaling of this equation predicts that charge carrier mobility should decrease drastically 

at low temperatures with the exponential term dominating.  However, at high temperatures, the 

power law portion, T-3/2, dominates creating an upper limit to the mobility.   Despite this, the T-3/2 

dependence of the mobility is not a strong deviation from the Vissenberg-Matters model.  When 

fit to the data in Figure 51, an equally good fit is obtained (R2 = 0.97 for each).  For this fit, λ is 

found to be 0.76 eV and 0.92 eV respectively.  These fits can be seen in Figure 56. 
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Figure 56: Fitting the polaronic hopping scaling to mobility data calculated from the forward 

(left) and return (right) transfer curves in Figure 51. 

  

 The fact that this model produces a good fit to the data is not surprising given that it is 

derived for molecular crystalline dimers and the dimers of the PTZ:TCNQ cocrystal could 

reasonably be expected to behave in a similar way.  The ground state of the PTZ:TCNQ chain is a 

series of alternating molecules P+T- P+T- P+T-.  (In reality, each + and – charge in the ground state 

is a fractional amount of charge transfer close to 0.3 based on the Raman shift observed in 

PTZ:TCNQ [29].)  Then, the reorganization energy would be the energy required to reorganize the 

polaron in the PT dimer: P+T- PT P+T-.  This implies that as long as sufficient energy exists in the 

molecular system, a low level of conduction would be possible at zero applied gate voltage (which 

is seen in the PTZ:TCNQ transistors). 

This would also imply that conduction in the PTZ:TCNQ field effect transistor operates as 

follows.  First, the gate voltage draws down excess electrons towards the interface between the 

cocrystal and the dielectric layer.  These electrons will sit on available PTZ molecules as its partial 

positive charge would be attractive.  This would form a P+T- PT- P+T- configuration.  Due to the 

gate voltage, these higher energy states around the donor molecules are now populated.  Therefore, 
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conduction is easier as less energy is required to overcome the partially negatively charged TCNQ 

molecules and move to the next PTZ molecule:  P+T- P+ T- PT-. 

 

6.9 Conclusions 

 The PTZ:TCNQ cocrystal was predicted in literature to be a good organic semiconductor 

with strong ambipolar conduction [63].  In this work, I have shown that it is indeed a 

semiconducting material though no meaningful ambipolarity was observed.  Further, while it 

performs comparatively to other organic semiconductors, it does not have high charge carrier 

mobility.  Indeed, the charge carrier mobility measured here of order of magnitude 10-4 cm2/Vs is 

not as strong as the 1.7 and 0.4 cm2/Vs reported for PTZ and TCNQ as individual crystals at room 

temperature [70].  The benefit of the cocrystal phase is instead the potential for the optical 

properties that are developed through the charge-transfer absorption band. 

 What has also been demonstrated by this work is the effectiveness of the CESA method at 

depositing an ordered array of cocrystals for easy integration into electrode arrays.  The CESA 

procedures employed in these experiments are not unique to PTZ:TCNQ cocrystals.  There are 

infinite combinations of coformers that could be easily formed with CESA and applied in 

optoelectronic applications.  The CESA method therefore permits crystal defects that would be 

avoided in slower crystal growth processes in exchange for the ability to rapidly produce a 

cocrystalline film in a target area.  As a result, it is a method that should be considered for rapidly 

and effectively producing a large array of crystals when needed. 

 Finally, this work demonstrates that a hopping model of conduction would be a good fit to 

the responses observed for PTZ:TCNQ cocrystals.  Further study of other charge-transfer cocrystal 
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systems must be conducted with the knowledge that these models may be more applicable than 

band-like conduction.  As multiple hopping models exist, aspects of their theories are still debated 

in literature.  Despite this, the polaronic hopping model fits the observed data well to produce a 

value for the reorganization energy that is comparable value to the charge-transfer energy 

transition that can be seen optically. It is also similar in magnitude to the energy values reported 

in literature for single component molecular crystals [71].  Further research should look to assess 

the physical significance of this energy term so that it could be related to other material parameters. 

 The realization that hopping models can apply to these systems is important for any other 

research groups that are looking at charge transfer cocrystals.  Some theoretical research has 

attempted to model systems, like PTZ:TCNQ, using band theory to describe the transport in low 

mobility charge transfer cocrystals [63].  In these cases, the experimental results shown here 

indicate that band conduction is not the dominant influence in the PTZ:TCNQ cocrystal.  Instead, 

hopping models must be considered.  However, it is not fair to generalized this result to all charge 

transfer cocrystals either.  Goetz et. al. note that there are several charge transfer cocrystals that 

possess a degree of charge transfer in the particular range of p = 0.5-0.7 that allows these materials 

to exhibit a conductivities that are several orders of magnitude higher than materials like 

perylene:TCNQ [73].  In these cocrystals, band-like conduction may be more prevalent due to the 

material possessing less localized charge carriers.  Therefore, care must be given while applying a 

conduction model to a particular charge transfer system as a generalized solution does not 

necessarily exist for all charge transfer cocrystals.  
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7. Future Research 

 The results of this work on charge-transfer cocrystals and the controlled evaporative self-

assembly (CESA) method suggest various directions for future research to explore.  First and 

foremost, a more advanced understanding of cocrystals of phenothiazine and 7,7’,8,8’ 

tetracyanoquinodimethane (TCNQ) formed from the CESA method would be beneficial.  It would 

be useful to explore how the cocrystals branch as they grow on the substrate and determine if a 

consistent branching angle exists.  If a consistent branching angle was found to exist, then it would 

also be important to develop an understanding of what molecular configuration results in this 

branching so that a greater understanding of PTZ:TCNQ cocrystalline rods could be achieved. 

Additionally, the study of other cocrystalline systems could be continued as other 

interesting systems exist.  Cocrystals of tetrathiafulvalene (TTF) and TCNQ are known to have 

high conductivity metallic properties [8] and could be interesting to study if they can be easily 

formed using the CESA method.  The fabrication of electronic devices out of cocrystals of perylene 

and TCNQ could also be interesting to explore as literature has reported that the dominant charge 

carriers for this cocrystal vary with the cocrystal stoichiometry [17].  Overall, the complexity of 

the cocrystalline systems chosen could also be increased and explored using phase diagrams as 

many systems exist that utilize three coformers instead of two.  For example, microrods of 

perylene:pyrene:TCNQ have been produced and were found to have light sensitive conduction 

[56].  As this cocrystal possesses a rod-like structure, it might lend itself to the CESA fabrication 

process and be a good candidate for investigation.  Overall, this direction presents a sea of options 

as the nearly infinite combinations of donor and acceptor molecules that could exist means that 

there are most likely many interesting cocrystal options to discover.  Nevertheless, if a particular 
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cocrystal is known to be interesting, the CESA method could be applied in order to grow ordered 

films. 

 Another interesting example of this would be to investigate the improved fabrication of 

cocrystal devices formed using the CESA method.  In the CESA method, an array of crystals is 

deposited onto a substrate.  With the production of a better series of shadowmasks, the devices 

could be decreased to smaller sizes such that fewer and fewer cocrystals are studied in a particular 

device.  This would eventually allow the fabrication of FETs with only one or a few cocrystal 

wires in the semiconducting layer.  This would ultimately allow for both an increase in the quantity 

of the devices fabricated and a more direct measurement of the carrier mobility in a single wire. 

 Additional improvements to FET fabrication would also allow for further study of the role 

of traps in the system and their effect on charge transport.  If the cause of the most dominant traps 

in these cocrystal FETs could be properly identified, then improvements to the device fabrication 

process could be made.  If this is through surface treatments in order to passivate the dielectric 

layer, then interesting challenges could reveal further physics of the CESA method as changes to 

the surface chemistry can affect the growth process of these crystals.  It may even be possible to 

control the areas of deposition through coating the surface of a substrate meaning that more 

complex deposition patterns could be achieved. 

 Continued research should also focus on the optical portion of the optoelectronic properties 

of the cocrystals.  In demonstrating the fabrication capabilities of the CESA method, this work 

predominantly focused on the electronic properties of semiconducting charge-transfer cocrystals.  

However, the true benefit of the charge-transfer absorption band is that it expands the possible 

wavelengths that can be used in an optoelectronic application.  In particular, cocrystals that exhibit 
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near-IR absorption bands could be useful in communications applications.  For 

phenothiazine:TCNQ and other cocrystals, experiments to measure the photoconductivity of the 

material should be performed.  In addition, an assessment of whether optical illumination of the 

material improves conductivity should be considered as well. 

 The CESA method also does not need to be limited to crystalline materials.  It could be 

used to explore a variety of conductive polymeric materials as well.  Some of the early work 

involving the CESA method focused on its ability to generate long lines of polymer for ordered 

depositions of material [41].  Some more recent research has even demonstrated that it could be 

possible to deposit monomer into long ribbons on a substrate and then polymerize the monomer in 

situ.  This was done with diacetylene monomer that was deposited onto a microscope slide using 

the CESA method and then polymerized [74].  This creates the possibility of applying CESA for 

device fabrication using conductive polymer ribbons and could provide greater control over the 

depositions of polymeric structures on a substrate.  With CESA, one could target specific 

deposition areas rather than coating an entire substrate in a more traditional polymer deposition 

method like spin coating.  Research could also focus on the attempting to dope a polymer as well 

during the CESA process as this could potentially also be described using the phase diagrams 

shown in Chapter 5. 

 In terms of the CESA method itself, future research could focus on optimizing the 

parameters at which the process is performed.  All samples made in this work were created at room 

temperature and the solvent was primarily varied in order to obtain specific viscosity and thermal 

diffusivity values that allowed for the Marangoni flows to appear.  However, Marangoni flows 

ought to also be controllable by inducing a temperature gradient between the substrate surface and 
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the top of the evaporating liquid.  The introduction and exploration of the effect of adding a heat 

lamp to the process could increase the variability of the CESA method by allowing for other 

solvents to be applied.  The adjustment of these parameters could also have an effect on the quality 

of the crystalline films that are deposited.  Future research would need to further optimize the 

procedure in order to have as much control over the deposition as possible. 

 In conclusion, the CESA method is a powerful tool that should be considered for organic 

cocrystal formation.  It, along with reprecipitation, are both rapid and effective means of generating 

dispersions and films of both multicomponent polymers and cocrystalline materials.  Despite this 

knowledge of their practical effects, effective means of predicting their mechanisms and results 

can involve complicated phase diagrams and unexpected stoichiometric results.  Through this work 

and with the addition of future research, greater understanding of these formation techniques will 

continue to develop.  This understanding is key for the continued optimization and 

functionalization of these processes for optoelectronic applications.   
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Appendix A: Procedure for Fabrication of Cocrystal Transistors 

Chemicals 

• Phenothiazine (PTZ) 

• 7,7’,8,8’ Tetracyanoquinodimethane (TCNQ) 

• Acetone 

 

Tools 

• Kapton Tape 

• Scissors 

• Tweezers 

• µL pipette 

• p-doped Si/SiO2 wafers with 300 nm oxide layer 

• 36-gauge stainless steel wire 

• Metal shadowmasks 

• Diamond scribe 

 

Apparatus 

• CVC sputtering system 

 

Procedure 

1. Dissolve TCNQ in acetone at a concentration of 2 mM (4.08 mg/10 mL)  

2. Dissolve PTZ in acetone at a concentration of 2 mM (3.98 mg/10 mL) 

3. Combine both solutions and stir for 2 minutes. 

4. Place glass rod onto Si/SiO2 wafer in desired location.  (Ends of glass rod can be taped to 

table applying pressure to substrate if desired but is not required if one is careful not to 

knock the glass rod in subsequent steps) 

5. Pipette by hand 20 µL of combined acetone solution directly on top of glass rod. 

6. Wait for solution to dry.  (~ 5-6 minutes for acetone solvent) 

7. Remove glass rod. 

8.Repeat until all desired depositions are complete. 

 

9. Cut a ~0.75 inch strand of stainless steel wire. 

10. Orient the wire over the desired region using tweezers. 

11. Place the metal shadowmask on top of the wire. 

12. While maintaining gentle pressure on the shadowmask, secure it to the Si/SiO2 wafer 

using Kapton tape. 

13. Repeat as desired. 

 

14. Scratch away portions of the SiO2 layer using the diamond scribe to create gate pads. 

 

15. Follow established clean room protocols in “CVC Sputter Guide” for mounting and 

loading sample for sputtering. 
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Appendix B: Microwave Interactions with Laser Induced Air Plasma 

 This work was completed as part of my ILP apprenticeship at Naval Research Laboratory, 

Washington D.C. where I worked with Dr. Michael Helle to study the interaction of microwaves 

with laser induced air plasma. 

Abstract 

 Recent experiments performed at the Naval Research Laboratory (NRL) show interactions 

between microwaves and laser induced air plasma that last for several microseconds compared to 

the nanosecond plasma lifetimes published in existing literature.  Our experiments show this effect 

as well as how it varies depending on gas species and pulse length of the incident laser light.  To 

better understand this phenomenon, further experiments were performed to determine the neutral 

density of the interaction region using interferometry as well as the electron temperature using 

Thomson scattering.  The interferograms show clear evolution of the plasma induced shockwave.  

However, the Thomson scattering experiments remain inconclusive.  Initial plasma emission 

spectroscopy data has been collected but no noticeable scattering was achieved by using the current 

laser setup.  A new Thomson scattering setup was planned using a more energetic laser but is not 

yet completed.  From here, a new experiment was designed using a more powerful microwave 

source in free space as opposed to a wave guide.  The Magnicon at NRL was utilized in order to 

deliver a high-powered microwave pulse over a region consisting of a laser-induced air plasma.  

Initial, imprecise observations with a camera have not shown a significant effect however two 

diagnostics, consisting of a PMT and a microwave scattering diagnostic, are underway. 
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Introduction/Background 

 Laser induced air plasmas have useful properties that make them potentially a source for 

remotely generated micro-metamaterials.  As shown in Papeer et. al. [75], a plasma can be 

produced remotely by focusing a femtosecond laser pulse.  The laser produces a plasma through 

multiphoton ionization of the molecules in the air.  Past experiments at NRL have shown that this 

plasma experiences a long-lasting interaction with incident microwaves that is on the order of 

microseconds.  This is orders of magnitude longer than the nanosecond lifetime of the plasma itself 

and this interaction is still not fully understood.  Questions about the exact initial conditions of the 

plasma’s temperature and density as well as the time evolution of the system remain. 

 In order to better study these interactions, a setup was constructed similar to the one 

described in Reference 1.  Our system utilized only one laser through a much shorter focusing lens.  

The resulting plasma is formed in a cut section of wave guide transmitting microwaves at 26.5 

GHz.  The wave guide was further surrounded by a plastic container that allowed for the gas 

species to be controlled.  The laser used in these experiments was the Kilohertz Titanium-Sapphire 

Femtosecond Laser (KTFL) at NRL.  For these experiments, 5 mJ pulses were used at up to 1 kHz 

repetition rate with a pulse length that was varied from 50 fs to 1 ps. 

 Of interest in these microwave-plasma interactions are both the microwave transmission 

through and reflection off the plasma.  An example of the data obtained from these experiments is 

shown in Figure B-1.  The graph can be thought of as consisting of three regions.  Prior to t = 0 

μs, there is no plasma and what is observed is constant transmission and a small amount of constant 

reflection.  The constant reflection is due to the cylindrical holes that were cut in the waveguide to 

allow plasma formation inside the waveguide.  Following this, there is a large spike at t = 0 μs.  
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This spike is the result of the plasma creation and lasts on the order of nanoseconds.  Finally, after 

this spike, the data shows several microseconds of decreased transmission as well as both 

decreased and increased reflection.  In an attempt to characterize this region of the transmission 

curve, two values are determined: the delay and the width.  Delay is taken to be the time between 

the initial laser spike at t=0 and the peak of the long-lived transmission effect.  Similarly, width is 

taken to be the full width at half maximum of the region of decreased transmission. 

 

Figure B-1: Example data of the microwave transmission and reflection through laser 

induced air plasma. Initially, there is full transmission and a small amount of reflection due to 

holes in the waveguide. Then, at t = 0 μs, the plasma is formed.  Several microseconds of affected 

microwave transmission and reflection follow.  

 

 With these metrics established, experiments were performed in which the ionized gas 

species was varied.  Example data showing the effects of gas species on microwave transmission 

are shown in Figure B-2 with values for the delay and width in Figure B-3.  The data shows that 

delay tends be inversely proportional to the speed of sound in the particular gas.  The only 

exception is for helium, which has a delay value very similar to that of air and does not reflect the 
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factor of three difference between helium and air’s speed of sound.  Therefore, other effects, such 

as the possibility of poor ionization of helium due to its high ionization energy, are being 

considered as possible explanations. 

 

Figure B-2: Comparison of microwave transmission data for plasma ionized in different gas 

species. The large initial spike corresponding to plasma formation at t = 0 is lost due to Fourier 

smoothing to aid comparison. 

 

 

 

 

Gas Species Delay (μs) Width (μs) Speed of Sound (m/s) 

Xenon 1.60 ± 0.10 1.74 ± 0.10 178 

Krypton 1.14 ± 0.04 0.85 ± 0.04 221 

Argon 1.05 ± 0.04 0.84 ± 0.07 319 

Nitrogen 1.01 ± 0.06 0.96 ± 0.09 349 

Air 0.84 ± 0.02 0.75 ± 0.02 343 

Helium 0.77 ± 0.03 0.67 ± 0.01 1007 

 

Figure B-3: Summary of delay and width values versus ionized gas species displayed in 

Figure B-2. For comparison, the speed of sound in each gas is provided.  It is believed that the 

general trend is that delay inversely follows the speed of sound. 
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 Finally, laser pulse length and its effect on the plasma-microwave interaction was also 

studied.  In these scenarios, laser pulse energy was maintained at a constant 5 mJ while laser pulse 

length was varied.  The results of these experiments in air are summarized in Figure B-4 with their 

delay and width values in Figure B-5.  The trend of these values clearly shows that there is an 

optimal laser pulse length at around 300 fs which results in the strongest attenuation of microwaves 

through the plasma.  At pulse lengths that significantly differ from this value, the effects are still 

observable but the attenuation varies significantly. 

 

Figure B-4: Microwave transmission data for air plasma created by varying the incident 

laser pulse width. A laser pulse length of 300 fs produced a stronger decrease to microwave 

transmission when compared to other pulse lengths.  Again, the large spike at t = 0 is lost due to 

Fourier smoothing to aid comparison. 

 

 These results show that there is indeed a very interesting interaction here that could benefit 

from further study.  To better understand these effects, the initial conditions of the plasma itself 

must be determined.  Specifically, it is necessary to know the electron density and electron 

temperature of the plasma itself.  To do this, an interferometry experiment was conducted in order 

to attempt to determine electron density as well as neutral density of the resulting shockwave in 
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air.  In addition, a Thomson scattering experiment is currently underway in order to determine 

electron temperature. 

 

Pulse Width (fs) Delay (us) Width (us) 

50 1.04 ± .04 1.96 ± 0.15 

300 1.21 ± 0.03 1.31 ± 0.19 

650 0.99 ± 0.03 0.89 ± 0.03 

1000 0.92 ± 0.03 0.86 ± 0.05 

 

Figure B-5: Transmission delay and width for different laser pulse widths in Figure B-4. 

 

Interferometry 

 This experiment utilized a Mach-Zehnder Interferometer in order to determine the electron 

density and neutral density of the plasma region .  A basic diagram of the setup can be found in 

Figure B-6.  The Mach-Zehnder interferometer is a configuration that involves splitting a probe 

beam along two paths.  If both path lengths are completely equal, the beams recombine in phase 

after the second beam splitter.  However, if the optical path lengths are unequal, either due to a 

difference in physical length or propagation medium, phase changes are observed. A resulting 

interference pattern is shown in Figure B-6. 

For this experiment, the two path lengths were intentionally kept slightly out of phase such 

that when a plasma was generated, a further distortion could be observed and a phase shift from 

the background could be determined.  A 300 mW, 532 nm CW laser was utilized as a probe to 

study the plasma created by a focused KTFL beam.  The resulting interferogram was imaged onto 

an Andor IStar CCD camera.  The Andor camera was capable of operating with as short as a 5 ns 
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gate time.  However, the camera had to be operated at a 100 ns gate time due to insufficient 

intensity at smaller gate times for any meaningful images to be taken.  Therefore, in this 

experiment, any useful knowledge of the plasma lifetime itself was unobtainable as it is not able 

to be separated from shockwave information.  The ability to vary the delay between the Andor’s 

gate time and our initial laser pulse allowed us to map out the long term time evolution of the 

shockwave caused by the plasma.  Example interferograms of the shockwaves at two different 

times are shown in Figure B-7. 

 

Figure B-6: Experimental setup for the interferometry experiment. The green laser used was 

a 300 mW, 532 nm CW laser, M1 and M2 are dielectric turning mirrors, B1 and B2 are beam 

splitters.  The interference pattern shown on the right is the result of a small length difference 

between each path.  The plasma studied is formed between M1 and B2. 

 

 

Figure B-7: Two example interferograms taken ~100 ns (5a) and ~800 ns (5b) after the initial 

plasma formation. The visible shockwave is cigar shaped initially due to the shorter laser pulse 

and then widens over time. 
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 In order to analyze these interferograms, one can relate the phase shift of the region to the 

density of the gas.  The phase shift is given by Equation B1: 

𝛥𝜙 =  
𝜔

𝑐
 ∫(𝑛1 − 𝑛2(𝑧)) 𝑑𝑧                                                   (B1) 

In this equation, n1 is the index of refraction of air, and is taken to be roughly equal to 1.  

Further, n2 is the index of refraction of the plasma and is allowed to vary as a function of z along 

the probe beam path.  In addition, ω is the frequency of the probe laser and c is the speed of light.  

One can relate refractive index to neutral density by using the Lorentz-Lorenz equation as well as 

the relationship between the mean polarizability, α, and the molar refractivity.  Doing so produces 

Equation 2, where A is the molar refractivity, NA is Avogadro’s number, λ is the wavelength of 

the probe laser, n is the index of refraction of the region, and N(z) is the neutral density as a 

function of z along the probe beam. 

Lorentz – Lorenz Equation: 𝛼 =
3

4𝜋𝑁

𝑛2−1

𝑛2+2
  

𝐴 =  
4𝜋

3
𝑁𝐴𝛼 ≈  

𝑁𝐴

𝑁

𝑛2 − 1

3
  𝑓𝑜𝑟 𝑛 ≈ 1 

𝑛 =  √1 +  
3 𝐴 𝑁

𝑁𝐴
  ≈ 1 +  

3 𝐴 𝑁

2 𝑁𝐴
 

𝛥𝜙 =  
3 𝜋 𝐴

𝜆 𝑁𝐴
 ∫ 𝑁(𝑧) 𝑑𝑧                                                   (B2) 

By utilizing Equation B2 and applying the inverse Abel Transform to the above 

interferograms and assuming that the region outside the interaction is at a standard neutral density 

of 2.6 x 1019 cm-3, one can produce a contour plot of neutral density, as shown in Figure B-8.  The 

resulting contour plots clearly show a large, cavitation of the region that persists well after plasma 

formation.  
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Figure B-8: Neutral density contour plots calculated from the interferograms in Figure B-7. 

Interferograms were taken ~100 ns (6a) and ~800 ns (6b) after the initial plasma 

 

Thomson Scattering 

 A plasma diagnostic method that is often used to determine electron temperature is 

Thomson scattering [76, 77].  Thomson scattering is a process in which an incident photon 

scattered off a moving electron experiences a Doppler shift.  The difference between the new and 

initial wavelength can be related to the electron’s velocity, and thus its temperature.  Therefore, 

the spectrum of a laser pulse scattered from a plasma can be related to the temperature distribution 

of the plasma electrons. 

 Classically, a Doppler shift interaction involving an incident photon striking a moving 

electron and scattering off is given by the following equation: 

∆𝜆 =  𝜆 
2 𝑣

𝑐
 sin

𝜃

2
                                                                 (𝐵3) 

In this equation, λ is the probe laser wavelength, Δλ is the difference between the new scattered 

wavelength and λ, v is the electron velocity, c is the speed of light, and θ is the scattering angle.  

This equation predicts a maximum wavelength shift in back-scattered light and no wavelength 

shift in light that manages to pass directly through the plasma. 
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In performing this experiment, our setup is shown in Figure B-9. Our plasma will again be 

generated by KTFL but an additional laser operating at 1064 nm with a 100 mJ, 25 ns pulse is 

currently being used for alignment and testing.  The probe laser used here is a 532 nm pulsed laser 

capable of outputting a 40 mJ 5 ns pulse.  The scattered light is collected at as near backscattering 

as possible and analyzed using an Acton imaging spectrometer that outputs an image of the 

spectrum onto the Andor CCD camera. The resolution of the Acton’s 600 grooves/mm, 500 nm 

blaze grating was calibrated using a Hg:Ne lamp’s 546, 577, and 579 nm lines and was found to 

be 0.3 nm. 

 

Figure B-9: Schematic of Thomson scattering experiment. Plasma is generated in open air by 

a focused pulsed laser beam and probed by a green pulsed laser.  Scattered green light is collected 

and focused into a spectrometer which produces a spectral image onto the camera. 

 

This experiment was completed utilizing the lasers specified.  Spectral emissions of ionized 

air were collected in the region surrounding 532 nm and are shown in Figure B-10.  The presented 

spectrum is fairly similar to laser-induced breakdown spectroscopy results presented by Nordstrom 
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for nitrogen [78].  Any of oxygen’s weaker emissions in this region are presumably not visible 

compared to the nitrogen spectrum.  However, no noticeable emissions were detected after the 532 

nm laser pulse was applied.  Therefore, the experiment was rebuilt with the intent of applying a 

more powerful 200 mJ pulse in the hope that a more noticeable amount of scattering would be 

achieved however a suitable laser was not available at the time for this experiment to be completed. 

 

Figure B-10: Plasma emissions in the spectral region around 532 nm. All lines here are 

believed to be emissions from neutral atomic and singly ionized nitrogen. 

 

Expansion of the Microwave Interactions Research 

 With the conclusion of data collection with the previous microwave setup, a new 

experiment was constructed utilizing NRL’s Magnicon, which is capable of providing a roughly 

0.8 MW microwave pulse over a 200 ns time frame through a S band waveguide.  The waveguide 

terminates into free space inside of a protective enclosure, large enough such that both plasma and 

microwaves do not see the influence of the walls. 
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 A 1064 nm, 100 mJ, 25 ns Nd:YAG laser expanded to fill a two inch lens and routed into 

the protective enclosure for refocusing with a 15 cm lens for plasma creation.  The plasma was 

located 20 cm away from the output of the waveguide.  A small ccd camera was set up in order to 

watch the plasma with and without microwave exposure, however any changes in the plasma were 

negligible using this diagnostic.  Instead, a sensitive gated photomultiplier tube (PMT) was put in 

place as well as a microwave scattering setup.  Tests with these two diagnostics are still underway 

and will hopefully reveal the more subtle changes in the plasma. 

Conclusions and Future Work 

 Our study of the plasma produced by the focused KTFL laser beam as well as the 

microwave interactions with this plasma is currently still under way.  Thus far, results have 

revealed that transmission of microwaves through our plasma depends heavily on the initial plasma 

conditions.  Variations in transmission due to changes in ionized gas species and laser pulse length 

have been shown and are interesting results  

 In addition, during this time, I assisted in the design, fabrication, and implementation of a 

kilometer long air turbulence generator for the purpose of investigating the effects of air turbulence 

on laser beam propagation.  The data collected using the turbulence generator was included in a 

paper titled “Beating Optical Turbulence Limits Using High Peak-Power Lasers” by Helle et. al. 

[79]. 
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