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ABSTRACT OF THE DISSERTATION 

 

 

Thin Film Deposition of Conducting Polymers and                  

Carbon Allotropes via Interfacial Solution Processing                    

and Evaporative Vapor Phase Polymerization 

By 

Julio Marcelo D'Arcy 

Doctor of Philosophy in Chemistry 

University of California, Los Angeles, 2012 

Professor Richard B. Kaner, Chair 

 

 A new solution processing technique is developed for depositing continuously conductive 

transparent thin films comprised of conducting polymer nanostructures. The deposition 

mechanism is driven by interfacial surface tension gradients leading to rapid directional fluid 

flow known as the Marangoni effect. This technique is a universal solution to thin film 

deposition for coating any type of substrate at ambient conditions within seconds. The versatility 

of this method of deposition is further explored utilizing Pickering emulsions of carbon 

allotropes to produce transparent conductive coatings. Film morphology and electrical properties 

of carbon nanotubes and sheets of both graphite oxide and chemically converted graphene are 
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controlled by solution processing at the liquid/liquid interface. This dissertation reports on 

harnessing directional fluid flow to afford a simple and scalable thin film deposition technique 

for both organic and inorganic nanostructured semiconductors. Substrate directed thin film 

deposition is engineered by forming a liquid-liquid interface on the surface of a target substrate 

and is accomplished by matching the surface energy of a substrate to the surface tension of 

solvents utilized for emulsifying solid nanostructures. Flexible substrates such as poly(ethylene 

terephthalate) and polyvinyl chloride are coated directly by combining solid nanostructured 

semiconductors, water and a fluorocarbon. The extremely low surface tension of a fluorinated 

fluid leads to the wetting of plastics and provides a liquid layer on the surface of a plastic 

substrate that serves as an anchoring layer for attachment of solids and formation of a continuous 

and conductive thin film. Spreading is shown in a supplementary movie submitted with this 

dissertation.  

 A new technique for the synthesis of poly(3,4-ethylenedioxythiophene) nanofibers by 

vapor polymerization of an aqueous droplet of iron(III) chloride without a template is also 

demonstrated. Nanofibers of high aspect ratio of this conducting polymer could only previously 

be synthesized with the aid of templating agents such as pre-electrospun nanofibers. Now, by 

inducing a constant contact area mode of evaporation, polymer morphology is controlled and 

vapor polymerization of an oxidant droplet results in a highly conductive, stable and robust thick 

film comprised of intrinsic one-dimensional vertically directed anisotropic nanostructures of high 

aspect ratio.  
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Figure P.1. Photograph shows a partially filled glass of wine set at rest, its shadow on a wall, 

and demonstrates that the glass is coated by finger-like fluid instabilities that resemble tears.  
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Chapter 1. Conducting Polymer Thin Films 

 

 The advent of state-of-the-art electronic technologies hinges on finding simple and 

inexpensive methods for depositing thin films of both organic and inorganic semiconductors. A 

continuously conductive thin film characterized by both high transparency and conductivity, for 

example, is a particularly attractive candidate for engineering devices because it affords a low 

optical density electrode for optoelectronic applications. Thin film processing is paramount for 

the realization of high performance applications and translates into having a direct impact on the 

efficiency of a device and the commercial viability of a technology. The success of applications 

based on new semiconductor materials depends on finding compatible deposition technologies 

that are cost-effective and lead to large-area substrate coatings. 

 

1.1 Introduction 

 Conducting polymers are flexible organic electronic materials that are inexpensive and 

extensively utilized in solar cells, light-emitting diodes, and chemiresistor-type sensors.
1-3

 While 

traditional non-conjugated polymers are often solution processable, many organic conducting 

polymers have been notoriously difficult to process into films. Thin films of conducting 

polymers offer a large ratio of charge carriers to volume of active layer,
4
 and can achieve high 

field-effect mobilities as a result of low-dimensional transport.
5
 Therefore a simple, scalable, 

cost-effective deposition technique for conducting polymers that produces uniform thin film 

morphology reproducibly is needed. 
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 Many film forming methods for conducting polymers based on solution processing, 

electrochemistry, and thermal annealing have been reported in the literature, but suffer from a 

variety of problems. The conducting polymers polyaniline (PANi), polythiophene (PT) and their 

derivatives such as poly(3-hexylthiophene) (P3HT) are commonly processed into nanoscale thin 

films via spin-coating
1,5-7

 for applications in organic photovoltaics, thin film transistors, and 

electrochromic devices.
8-12

 However, spin-coating is a technique that suffers from a low material 

utilization yield and is therefore not cost-effective,
11

 a fact that hinders its potential for scale-up.  

Another well known deposition strategy is the electrochemical growth of conducting polymer 

thin films via galvanostatic, potentiostatic, or voltammetric routes.
9,13-15

 An inherent limitation of 

using electricity for thin film deposition is the dual role played by the electrode/substrate which 

excludes the possibility of film deposition on a non-conducting substrate. This problem also 

applies to electrospraying because it requires a high voltage across electrodes.
11

 Other solution 

based methods also present challenges; for example, the Langmuir-Blodgett technique produces 

films of P3HT that suffer from aggregation and poor adhesion to a substrate during vertical 

deposition and can require hours for the fabrication of a single film.
16

 Thermal evaporation can 

cause deformation of a substrate due to gradients in temperature during deposition; this method 

also requires high vacuum and/or high temperature equipment.
11

 Hard-templates can improve 

order in film morphology, but are difficult to remove.
12,13

 Another method called in situ 

polymerization can lead to nanoscale order in a transparent polyaniline film, but requires 24 hr at 

5 
o
C for deposition of a single layer.

17
 Dip-coating uses large amounts of material and often 

suffers from uneven drying.
8,18

 Despite the litany of reported methods, including electrostatic 

adsorption,
19

 drop-casting,
20,21

 grafting,
22

 slide-coating,
23

 and ink-jet printing,
4
 their limitations 
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range from reproducibility issues and cost-effectiveness to lack of scalability. Therefore, a 

universal solution is needed that reliably deposits any conducting polymer film on any substrate. 

 

1.2 Solution based thin film deposition technologies 

 The work reported here is focused on solution processing at the interface between two 

immiscible liquids leading to the deposition of thin films of conducting polymers. This type of 

processing is versatile, compatible with all types of conducting polymers, and can be readily 

scaled-up. Typically, conducting polymers are soluble or dispersible in a plethora of solvents. 

Polyaniline nanofibers can be dispersed in both aqueous and organic solvents and polypyrrole 

disperses in alcohols and organic solvents when synthesized in nanofibrillar form. Poly(3-

hexylthiophene) is a conducting polymer that is highly soluble in halogenated organic solvents 

such as chloroform, chlorobenzene and dichloromethane. On the other hand, a commercially 

useful conducting polymer known as poly(3,4-ethylenedioxythiophene) is not soluble, however, 

it can be synthetically modified to incorporate polymeric dopants in its structure that impart 

solubility in water; this happens when polystyrene sulfonate serves as the dopant counter anion 

resulting in the formation of PEDOT:PSS. The solubility of all conducting polymers can also be 

assisted by surfactants that enhance their processability into thin films. Among thin film 

deposition techniques reported in the literature of conducting polymers, the Langmuir-Blodgett 

technique and dip-coating are two of the most common interfacial deposition technologies; the 

latter is also used concomitantly with layer-by-layer deposition. 
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1.2.1 Langmuir-Blodgett monolayers 

 A Langmuir-Blodgett (LB) film was first described by Benjamin Franklin in 1774 when 

he noticed how the ripples of waves on the surface of a pond were lessened when a floating oil 

film was present. During the 1920's Irving Langmuir and his research assistant Katharine 

Blodgett developed and optimized the deposition of thin films on solid surfaces by floating oil in 

order to understand molecular interactions; subsequently, both this technique and the Langmuir-

Blodgett (Figure 1.1) trough are named after them. In 1932 Irving Langmuir received the Nobel 

prize in chemistry for his contributions to surface chemistry.
24

 The advantage of the LB 

technique over other solution based deposition technologies is the molecular control and 

precision it offers that translates into well ordered thin film architectures. Typically, a material 

soluble or dispersible in a solvent is combined with an immiscible fluid that leads to thin film 

formation at the air/water interface. Formation of a film occurs because the assembly process 

lowers the total surface energy of the system via reorganization of interfacially adsorbed 

material, resulting in high-density packing structure and homogeneous thin film morphology. 

This deposition technique is versatile and can be utilized for the deposition of multilayered films 

of alternating conducting polymers such as derivatives of both polypyrrole and polyaniline.
25

 A 

polyaniline thin film has been deposited as an LB monolayer resulting in a continuously 

conductive thin that serves as an active layer in impedimetric immunosensors for detection of 

human plasma low density lipoproteins.
26

 Deposition of multilayer LB thin films of polyaniline 

is also possible and may require the use of interfacial stabilizers that aid the formation of a 

monolayer of conducting polymer at the air/water interface. For example, by mixing the 

emeraldine base form of polyaniline with stearic acid and a sulfonated stearylamine, stable and 

easily transferable LB monolayers were produced.
27
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Figure 1.1 A schematic diagram of the Langmuir-Blodgett trough shows a monolayer of a 

conducting polymer floating on the liquid subphase. As the barriers are moved closer together, 

the floating film is pushed and compressed thereby increasing its packing density. This 

controllable method of compression results in exquisite control of the molecular architecture of a 

conducting polymer thin film. 

 

1.2.2 Dip-coating thin films 

 The production of a thin film of uniform thickness drove the development of the dip-

coater; this instrument was first constructed in 1937 by Paul F. Bruins as a method for 

developing homogeneous coatings of shellacs, varnishes and paints.
28

 Currently, dip-coating is a 

technique commonly utilized for depositing conducting polymers and serves as a method of thin 

film fabrication as well as a transferring technique for coating a target substrate. A thin film 

monolayer is first assembled at the air/liquid interface and a uniform film is obtained via dip-

coating by entrainment of a floating layer when a vertical substrate is pulled up out of a solution 

reservoir (Figure 1.2). The speed at which a substrate is withdrawn, solution viscosity, drainage 

of excess liquid from a substrate surface, and the rate of evaporation are parameters that need to 
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be controlled in order to obtain a homogeneous thin film. When the conducting polymer 

regioregular poly(3-hexylthiophene) is deposited via dip-coating it results in a film thickness 

ranging between 20 and 40 Å; this coating serves as a rectifying layer in organic thin film 

transistors and leads to the relatively high mobility value of 0.3 cm
2 

V
-1

s
-1

.
29

 Thicker films are 

produced by dip-coating polyaniline resulting in a thickness range between 293 and 2367 nm and 

affording a porous spongy thin film structure for supercapacitor applications.
30

 During dip-

coating a homogeneous morphology is produced by minimizing the overlap between liquid 

draining and drying stages in a film as the substrate is pulled out of solution as well as by using 

lower pulling speeds that result in slow evaporation rates.
31

 Controlling solvent dewetting during 

evaporation affords conformal patternable coatings of water-soluble conducting polymers with a 

5 micrometer resolution for inexpensive scale-up of low-cost organic electronics.
32

 Dip-coating 

results in continuously conductive functional thin films cane be utilized in sensing applications; 

polyaniline films, for example, serve as simple resistive type sensors for detecting vapors such as 

water, short chained alcohols, acetic acid and acetone.
33
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Figure 1.2 A schematic diagram depicts the process of dip-coating whereby a substrate is pulled 

out of a solution reservoir containing a floating film of a conducting polymer; film transfers and 

coats this moving substrate. 

 

1.2.3 Layer-by-layer deposition 

 Layer-by-layer (LbL) is a deposition technique that results in ultrathin films and is based 

on the concept of adsorption of oppositely charged materials. Assembly via LbL was first 

demonstrated using silica and alumina particles in 1964 by Iler
34

 and work by Decher
35

 in 1991 

served to revitalize interest in this technique by demonstrating an easy approach to thin film 

deposition using oppositely charged polyelectrolytes. Dipping, spinning and spraying are coating 

techniques that are typically used in conjunction with LbL protocols in order to fabricate 
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ultrathin and multilayered films. Typically, an LbL film of conducting polymer such as 

polyaniline is deposited by imparting a positive charge on the backbone via doping and by 

alternating with a negatively charged species. For example, thin films for electrochromic 

applications can be fabricated one layer at a time using polyaniline and negatively ionized 

Prussian blue nanoparticles in solution. Layer-by-layer is a technique that offers exquisite control 

at the molecular scale whereby the thickness of a polyaniline/Prussian blue hybrid film can be 

readily incremented by approximately 7 nm with the addition of another layer pair.
36

 The LbL 

technique results in thin film architectures characterized by exceptional homogeneity and is a 

universal technique that works for a variety of conducting polymers such as poly(3,4-

ethylenedioxythiophene),
37

 polypyrrole
38

 and polythiophene.
39

  

 

1.2.4 Liquid-liquid interfacial deposition 

 By engineering the interfacial surface tension present between two immiscible liquids we 

have been able to develop a deposition technique that leads to transparent coatings of conducting 

polymers in a matter of seconds. This solution-based method results in transparent thin films of 

conducting polymer nanofibers of polyaniline (Figure 1.3 left), polythiophene, and derivatives 

such as poly(3-hexylthiophene) and poly(3,4-ethylenedioxythiophene) on virtually any substrate 

under ambient conditions. Other non-conducting polymeric nanoparticles such as 

poly(vinylchloride), polystyrene, polyethylene, and polyester can also be easily deposited at the 

liquid-liquid interface. Typically, emulsification of two immiscible liquids and polymer 

nanofibers leads to an interfacial surface tension gradient, viscous flow, and film spreading 

(Figure 1.3 middle). Surface tension gradients have previously been used to form inorganic 
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nanoparticle films; this process requires the use of surfactant stabilizers to form a colloidal 

dispersion and induce film growth.
40-43

 The films created here are of organic conductors, possess 

nanoscale order characterized by monolayers of nanofibers, and result in homogeneous thin films 

(Figure 1.3 right). Organic electronic materials differ significantly from inorganic nanoparticles 

because their amphiphilic properties lead to solution processing without surfactants. Rapid 

interfacial deposition is a new technique for growing films of conducting polymers that can be 

readily scaled up and takes advantage of recyclable solutions. Morphological homogeneity, 

reproducible thickness control, and the simplicity of this film making method holds promise for 

future device fabrication. 
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Figure 1.3 Photographs and corresponding schematic diagram show that interfacial deposition is 

a simple process that requires only a closed container where water and oil are combined. The left 

image shows a photograph of a 60 mL glass vial coated with a transparent thin film of 

polyaniline nanofibers and the schematic diagram shown in the middle demonstrates how to coat 

a substrate by inserting it inside the vial. The photograph on the right shows a glass slide coated 

with a transparent film of polyaniline nanofibers using this method. 

 

1.3 Conclusions 

 This chapter provided an introduction to conducting polymer applications and provides a 

survey of solution based deposition technologies that lead to the fabrication of thin films. These 

methods create films that enable efficient engineering of electronic devices. Although there are a 

plethora of fabrication technologies, the work reported here is focused solely on solution-based 

approaches and in particular those that occur at the interface between two phases, either at the 
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air/liquid or liquid/liquid interface. Solution processing is versatile, lends itself easily to scale-up, 

and offers low cost potential. All deposition techniques that have been addressed thus far are 

thermodynamically downhill processes whereby assembly of materials leads to stability and 

entropic gains in energy in a system. The deposition of conducting polymers at the liquid-liquid 

interface via a surface tension gradient is a new technique to the field of conducting polymers 

and the aim of this work is to demonstrate the utilization and optimization of this versatile and 

extremely simple technique. 

 

1.4 Outline of the dissertation 

 In this dissertation, an interfacial thin film deposition for conducting polymers developed 

by the author is explored in Chapter 2 and provides a thorough study for understanding the 

mechanism behind surface tension driven fluid flow and the protocols for thin film deposition 

with various types of conducting polymers. In Chapter 3, deposition on hydrophilic surfaces is 

addressed as well as the scale-up of the protocols in order to fabricate large transparent thin films 

utilizing any type of conducting polymer nanostructure. Further exploration of interfacial thin 

film deposition is delineated in Chapter 4 and focuses on the solution processing of graphene, 

carbon nanotubes and graphite oxide. Transparent carbon thin films, multilayered carbon films 

and freestanding carbon films collected at the liquid-liquid interface are introduced in Chapter 5. 

The last chapter, Chapter 6, presents interfacial thin films of the conducting polymer poly(3,4-

ethylenedioxythiophene) and a new synthesis from the vapor phase. 
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Chapter 2. Fluid Flow Driven by Interfacial Surface Tension Gradient 

 

2.1 Introduction 

 A solution-based method for growing transparent thin films of nanofibers of polyaniline, 

polythiophene, and poly(3-hexylthiophene) on virtually any substrate under ambient conditions 

is carried out by emulsifying two immiscible liquids and polymer nanofibers thereby resulting in 

an interfacial surface tension gradient at the liquid-liquid interface, viscous flow, and thin film 

spreading. Surface tension gradients have previously been used to form inorganic nanoparticle 

films.
1-4

 The films created here are of organic conductors and possess nanoscale order 

characterized by monolayers of nanofibers. This new film growing technique for conducting 

polymers can be readily scaled up and the solutions recycled. Morphological homogeneity, 

reproducible thickness control, and the simplicity of this film making method holds promise for 

device fabrication.   

 This study began when an interesting phenomenon was observed - while purifying an 

aqueous dispersion of polyaniline nanofibers by liquid extraction with chloroform (Figure 2.1 

left), a transparent film of polymer spread up the walls of a separatory funnel. Shaking the 

solvent mixture removed the film, but left standing, the film rapidly reformed (Figure 2.1 right). 

Here we develop this phenomenon into a solution based method to grow films of nanostructured 

conducting polymers that enables their use in applications ranging from actuators to sensors.
5
 

The vigorous agitation of water and a dense oil such as chlorobenzene leads to the formation of 

water droplets dispersed in an oil phase. The water/oil interface of the droplets serves as an 

adsorption site for surface-active species such as surfactants and solid particles. The interfacial 

tension is lowered proportionally to the surface concentration of the adsorbed species, and when 
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their concentration is distributed unevenly, an interfacial surface tension gradient develops. This 

in turn causes fluid films to spread over solid surfaces in what is known as the Marangoni effect. 

This type of directional fluid flow is found in the self-protection mechanisms of living 

organisms
6
 and can be exploited for use in lubrication,

7 
microfluidics,

8 
lab-on-a-chip,

9 
and 

potentially high-density data storage.
10

 

 

 

 

Figure 2.1 Schematic diagram shows thin film growth inside a separatory funnel. This protocol 

is carried out by combining doped polyaniline nanofibers with water and an oil, such as 

chloroform, as shown in the left separatory funnel. The image on the right demonstrates that after 

agitating and setting the container to rest, the wall of the container is coated with a green thin 

film of polyaniline nanofibers. During this extraction procedure polyaniline nanofibers are 

vigorously agitated and are thereby emulsified at the liquid/liquid interface resulting in thin film 

spreading when mixing subsides.  
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2.2 Experimental 

 Polyaniline nanofiber synthesis. This protocol entailed combining aniline (0.16 mL, 

1.75 x 10
-3

 mol, Sigma-Aldrich
®
) in 8 mL of 1 M HCl (Solution A), ammonium peroxydisulfate 

(0.1002 g, 4.39 x 10
-4

 mol, Fisher
®
) in 8 mL of 1 M HCl, and N-phenyl-1,4-phenylenediamine 

(0.0032 g, 1.74 x 10
-5

 mol, Sigma-Aldrich
®

) in 1 mL of methanol. The protocol is shown in 

Figure 2.2; polymerization proceeded overnight and purification was carried out via dialysis. 

 

 

Figure 2.2 Flow process diagram shows the protocol for synthesizing polyaniline nanofibers. 
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 Polythiophene nanofiber synthesis. Nanofibers were synthesized as previously reported 

in the literature.
11

 Typically, FeCl3 (0.333 g, 2.1 x 10
-3

 mol) was dissolved in 10 mL of 

acetonitrile; thiophene (0.133 mL, 1.74 x 10
-3

 mol) and terthiophene (0.0065 g, 2.61 x 10
-5

 mol) 

were combined and dissolved in 10 mL of 1,2-dichlorobenzene. The amine mixture and the 

oxidant solution were then combined and mixed for 10 s and allowed to stand undisturbed for 7 

days.  

 

 Deposition on non-activated hydrophobic surfaces. A plastic polyvinyl chloride slide 

(7.5 mm x 25 mm) was coated using 3 mL of an aqueous dispersion of polymer nanofibers  [4 

g/L] and 7 mL of a fluorocarbon such as Fluorinert FC-40
®
. After 1 min of agitation the substrate 

was dried under ambient conditions. 

 

 Polyaniline nanofiber and single-walled carbon nanotube composite film. Water 

dispersible SWCNTs (0.0070 g) and 20 mL of DI water were mixed via sonication for 30 min. 

This dispersion was then centrifuged (1000 RPM / 20 min), diluted by half, and sonicated for 15 

min yielding a stock aqueous dispersion. A 1 mL aliquot was combined with 1 mL of polymer 

and used to coat multiple glass slides with a transparent hybrid film.  
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 Polyaniline nanofiber film growth. Typically, an aqueous colloidal dispersion (4 g/L) 

of partially doped polyaniline nanofibers ranging between 0.3 mL and 1.0 mL in volume was 

mixed with 3 mL of DI water. Then, 6 mL of chlorobenzene (or chloroform) were added and 

shaken vigorously. The substrate, a clean microscope glass slide, was introduced into the 

container and shaken for 10 s. Polymer film growth started once the container was left 

motionless and this protocol is demonstrated in Figure 2.3. Film adhesion to a substrate increases 

via temperature annealing at 55 
o
C for 48 hr. 

 

 

Figure 2.3 Flow process diagram shows how to induce film growth using polyaniline nanofibers. 

(1) A mixture of water, oil, and conducing polymer nanofibers is put in a glass jar. (2) 

Graduation marks are made on the wall of the container in order to clearly observe film 

spreading. (3) The ternary mixture is vigorously agitated. (4) The vial is set to rest. (5-7) As soon 

as agitation stops, droplet coalescence ensues,  resulting in the spreading of a green colored thin 

film of polyaniline nanofibers. 
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 Polythiophene nanofiber film growth. A binary immiscible solution comprised of a 

smaller aqueous phase and a larger organic layer was employed; this asymmetrical volume 

distribution leads to Marangoni flow.
7
 Typically, a glass slide can be coated with polythiophene 

when 1 mL of a nanofiber dispersion in acetonitrile (2 g/L) is mixed with 0.6 mL of DI water and 

10 mL of chlorobenzene. Figure 2.4 is combination of an illustration and a sequence of 

photographs that capture thin film spreading of a polythiophene film on the wall of a 60 mL 

glass container. Typically, a substrate is inserted, the container is closed, and all are agitated in 

order to induce film growth on the substrate. 

 

 

Figure 2.4 Film growth using polythiophene is induced by mixing acetonitrile, water and 

chlorobenzene after agitating a container and setting it to rest. a. The container is shaken, b-d. 

When set to rest, droplet coalescence ensues, resulting in film spreading against gravity as a red 

colored transparent coating climbs the walls of the container. 
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 Cyclic voltammetry of polyaniline nanofiber films. A polyaniline nanofiber film was 

grown on an ITO-glass substrate and dried for 12 hr at 25 
o
C followed by 48 hr at 55 

o
C. A dried, 

blue-colored film, was then immersed in the electrolyte and cycled from -0.2 V to +1.2 V and 

then back to -0.2 V using a scan rate of 50 mV/s. The CVs collected were reproducible for more 

than ten cycles; the instrumentation setup is illustrated in Figure 2.5. When the films are dried in 

a vacuum oven at 55 
o
C for 1 week, nanofiber films are less prone to delamination from the 

surface of ITO after prolonged and repeated cycling.  

 

 

 

Figure 2.5 Cyclic voltammetry setup where PANi on ITO/glass serves as the working electrode, 

a coiled wire of Pt is the counter electrode and a standard calomel electrode was utilized as the 

reference electrode. A typical electrolyte, such as 1 M sulfuric acid, is used without stirring 

during an experiment. 
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2.3 Mechanism of interfacial film spreading 

 A highly transparent, homogeneous thin film of polymer nanofibers can be grown on 

virtually any substrate by vigorously mixing water, dense oil, and polymer nanofibers. This 

emulsification process is partly responsible for film growth and the mechanism behind thin film 

deposition is explained in the diagram shown in Figure 2.6. Agitation leads to water coating the 

hydrophilic walls of the container and to aqueous droplets becoming dispersed in the oil phase. 

Solid particles such as nanofibers can serve as a stabilizer in what is referred to as a Pickering 

emulsion by lowering the interfacial surface tension between immiscible liquids.
12

 Mixing 

provides the mechanical energy required for solvating the polymer nanofibers with both liquids, 

thus trapping the nanofibers at the water/oil interface via an adsorption process that is essentially 

irreversible.
1-4 

Theoretical studies have determined that the energy required for removing 

adsorbed particles from any interface is much greater than the energy required for spreading.
13 

Therefore, if nanofibers are trapped at an interface and experience a gradient in surface energy, 

spreading occurs. When agitation is stopped, the input of mechanical energy subsides, allowing 

the water droplets to rise to the top of the oil layer and coalesce (Figure 2.6a). The total 

interfacial surface area decreases during coalescence expelling oil and nanofibers out from the 

droplets, producing a spontaneous concentration gradient of irreversibly adsorbed nanofibers, 

and thus creating a Marangoni pressure at the water/oil interface.
1-4,13 

An interfacial surface 

tension gradient arises which pulls expelled nanofibers into areas of higher interfacial surface 

tension, while a film of nanofibers spreads up and down the container walls as a monolayer 

squeezed between water and oil (Figure 2.6b). When the system comes to equilibrium, all 

hydrophilic/hydrophobic interfaces that are present are coated with a monolayer of nanofibers. 

Note that there is no film growth on the glass walls that surround the bulk water phase because a 
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water/oil interface is not present (Figure 2.6c); the interface between glass and water is a 

hydrophilic/hydrophilic interface.  

 The amphiphilic nature of polyaniline nanofibers is ideal for controlling droplet 

coalescence because highly doped nanofibers lead to highly stable emulsions; however, this 

results in the lack of film growth. On the other hand, by lowering the doping levels of these 

nanofibers, coalescence ensues, thereby resulting in film spreading. Dedoped nanofibers also 

result in film spreading; however, these films tend to cover a smaller substrate area than doped 

nanofibers. A dedoped emulsion packs a lower concentration of nanofibers at the liquid-liquid 

interface resulting in a lower surface tension gradient and a smaller film. A dedoped polyaniline 

film can be post-synthetically doped with the use of an acidic gas in order to increase its 

conductivity. This general method for controlling emulsion stability and thin film deposition 

worked with all conducting polymers tested here. For example, when highly doped 

polythiophene nanofibers are employed for making an emulsion, polymer coated droplets are 

highly stable and do not coalesce (Figure 2.7).   
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Figure 2.6 Schematic representation of the mechanism that leads to film growth. a. Nanofibers 

of conducting polymer are mixed with water and oil resulting in either a water-in-oil (w/o) or an 

oil-in-water (o/w) emulsion of droplets. After setting down the container, water droplets 

dispersed in oil (w/o) and covered with polymer nanofibers rise to the top of the oil phase. b. 

Droplet coalescence generates a concentration gradient of interfacially adsorbed nanofibers, a 

water catenoid, and directional fluid flow resulting in the spreading of a monolayer of nanofibers 

up and down the container walls. c. The catenoid breaks up into two distinct bulk liquid phases, 

water on top and oil at the bottom. Nanofibers are deposited at the water/oil interface adjacent to 

air and at a separate interface that envelops the bulk oil phase. A polymer reservoir between the 

bulk liquid phases remains after film growth stops, and contains excess nanofibers that can be 

used to coat additional substrates.  
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Figure 2.7 Photograph of an emulsion of water, acetonitrile and chlorobenzene along with 

polythiophene nanofibers. This mixture was inserted in a container and vigorously agitated and 

set to rest. This image shows a stable emulsion inside the container. These droplets are coated 

with highly doped polythiophene nanofibers. Note that polymer is only present in the droplets 

demonstrating how efficiently the liquid-liquid interface can trap all conducting polymer 

nanostructures. This facilitates thin film deposition because of its potential for a high material 

utilization yield. 
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2.4  Interfacial thin films of polyaniline nanofibers 

 Film growth is the result of combining dedoped polyaniline nanofibers, water and a 

heavy oil such as chloroform or chlorobenzene (Figure 2.8). Emulsification is typically carried 

out by manual agitation although other mixing instruments such as a laboratory or a paint shaker 

can also serve this purpose. Sonication also leads to the emulsification of a dispersion of 

nanofibers, water, and oil; however, when using a sonicator, the nanofibrillar morphology of a 

thin film tends to suffer from aggregation. Film growth using doped polyaniline is viable because 

these nanofibers are easily trapped at the liquid-liquid interface. In the event that a stable 

emulsion of droplets forms, film growth is enabled by increasing the pH of the aqueous phase 

using a 0.05 M ammonium hydroxide solution. Alternatively, replacing the water layer in an 

emulsion also leads to dedoping and therefore film growth. Figure 2.8 shows a sequence of 

photographs collected after the container is agitated and set to rest. Initially, the emulsion is 

comprised of small droplets coated with polymer nanofibers (Figure 2.8a) and as coalescence 

ensues (Figure 2.8b) the emulsion begins to separate into two phases (Figure 2.8c). At the same 

time, a thin film of polyaniline nanofibers spreads simultaneously both up and down the 

container wall (Figure 2.8d-e). This conducting polymer thin film coats all 

hydrophilic/hydrophobic interfaces (Figure 2.8f); film growth stops when the concentration 

gradient at the interface is equilibrated. A video is available demonstrating the film growth of a 

polyaniline nanofiber film (Movie 1).  
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Figure 2.8 A sequence of photographs shows the growth of an interfacial thin film of dedoped 

polyaniline nanofibers. a. The agitated container is set to rest at 0 s and the emulsion is 

comprised of small droplets coated with polymer nanofibers. b. At 0.5 s coalescence results in 

the spreading of a film both up and down the container wall. c. The bottom wall of the vial is 

completely covered by nanofibers at 1 s; however, film growth continues in the upward 

direction. d. At 10 s a dark colored catenoid is clearly visible - this bulk liquid-liquid interface 

contains the greatest concentration of nanofibers. e. The top of the container is coated at 30 s. f. 

Phase separation occurs at 35 s as the catenoid breaks-up. 

 

2.5 Catenoidal viscous flow  

 During film growth the water layer assumes the shape of a catenoid with an inner oil 

channel containing the majority of the nanofibers. Water minimizes its surface free energy by 

adopting this shape.
14

 Viscous flow inside the catenoid creates fluid movement both up and 

down from the thinnest toward the thickest section of the channel (Figure 2.9).
15 

Coalescence 
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thins out the inner channel (Figure 2.9a,b) and eventually leads to the catenoid breaking up 

(Figure 2.9c), thus terminating viscous flow. Two distinct bulk phases are established causing the 

redistribution of nanofibers. Water/oil interfaces containing nanofibers are found both adjacent to 

air and below the bulk water layer. The top interface contains a concentration gradient of 

nanofibers that continues to drive film growth upward for a few seconds after the catenoid breaks 

up. This concentration is exploited to fully coat a glass slide as it is pulled out of the solution. 

The bottom interface contains a polymer reservoir of nanofibers that can be used for the growth 

of additional films.  

 

 

Figure 2.9 Formation of a catenoid leads to viscous flow. a. Initial stages of coalescence results 

in a catenoid. b. The inner channel thins out as the emulsion separates. c. Catenoidal break-up. 
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 A catenoid is comprised of an interfacial architecture where water envelops a 

hydrophilic glass wall and an oil with low surface tension spreads over the water. This results in 

the formation of an oil skin covering the entire water catenoid. Figure 2.10a shows that when a 

water soluble dye such as 5% Arsenazo I was added, the water catenoid in contact with the glass 

wall exhibited a color change. The oil layer at the bottom of the container remained transparent 

as well as the center of the catenoid, thereby proving that the catenoidal inner channel is 

comprised of oil. After this mixture was agitated and set to rest, no film growth was observed 

(Figure 2.10b) because the dye remained in the water phase; in other words, the dye was not 

solvated by oil molecules during the agitation process. When an oil soluble dye such as phenol 

red was added, the result was completely different. In this case, after agitating and setting the 

container to rest, film growth occurred and a film of phenol red dye spread both up and down as 

shown in Figure 2.10c. The red colored dye spreads as a result of an oil film that carries dye 

molecules trapped at the liquid-liquid interface, i.e. solvated by both water and oil.  

 Controlling the stability of a catenoid affords a simple process for inducing film 

growth. All examples that have been shown thus far using polyaniline and polythiophene 

nanofibers led to film growth because nanofibers were able to travel from the catenoidal 

interface to the substrate interface. In the case of the conducting polymer polypyrrole, nanofibers 

remain trapped at the catenoidal interface and thin film growth is therefore completely stifled as 

shown in Figure 2.11. This is possibly due to a lack of homogeneous nanofibrillar morphology in 

the sample, low doping levels, and poor dispersibility in the solvents employed for thin film 

deposition. 
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Figure 2.10 Photographs of catenoids produced by mixing water,  a heavy oil, and a dye. a. 

Tilted photograph shows a catenoid tinted with a water soluble dye. b. After agitating the 

container and setting to rest, no film growth occurs. c. Addition of  an organic soluble dye results 

in film spreading after agitation and setting the container to rest. An oil film spreads both up and 

down the container wall carrying solvated dye molecules and depositing them on the glass wall. 
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Figure 2.11 An illustrated photograph of a catenoid comprised of polypyrrole nanofibers is 

shown as a dark colored mass that is surrounded by a yellow colored water phase. This catenoid 

remained stable and the conducting polymer nanofibers were not expelled into any other areas of 

the liquid-liquid interface thus impeding thin film deposition. The arrows and colored film are a 

schematic representation that depicts directional fluid flow. 
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2.6 Using interfacial surface tension to control thin film spreading  

 Polyaniline nanofiber films were grown on glass slides using different binary mixtures of 

water and dense halogenated solvents to determine the optimal experimental conditions for film 

growth. The maximum attainable spreading height was compared against the interfacial surface 

tension of the binary immiscible mixture used for growing each film. The results indicate that the 

greater the interfacial tension, the higher the climbing height for an upward spreading film, and 

that the interfacial surface tension controls nanoscale morphology (Figure 2.12). A greater 

interfacial surface tension pulls on the nanofibers with a stronger force than a lesser one, and 

allows a film to climb up the substrate against gravity leading to greater spreading heights. 

Nanofiber films climbed highest when water and carbon tetrachloride (interfacial surface tension 

of 45 dyn/cm) were used, followed by water and chloroform (32.8 dyn/cm), and lastly by water 

and methylene chloride (28.3 dyn/cm). Film growth is driven by minimization of the total 

interfacial surface free energy of the system.
16

 

 The effect of interfacial surface tension on film morphology was studied using water and 

an oil by combining the following two systems: disulfide/water (~48 dyn/cm) and 

nitrobenzene/water (~25 dyn/cm). The lower interfacial tension system leads to monolayers with 

a relatively homogeneous 2-dimensional side-by-side stacking of nanofibers (Figure 2.12a). 

Carbon disulfide provides a larger interfacial surface tension with water and film morphologies 

characterized by a large mass of deposited nanofibers (Figure 2.12b). The packing density 

appears to increase proportionally with the interfacial surface tension. 



33 
 

 

Figure 2.12 Interfacial surface tension differentials can be used to control film morphology. The 

nanoscale morphology of a p-TSA partially doped polyaniline nanofiber film on glass. a. 

Nitrobenzene and water lead to homogeneous nanofiber monolayer deposition. If all parts are 

equal, the nanofibers experience a force proportional to that of the surface tension differential 

between the water and oil interface (~25 dyn/cm). In the case of a nitrobenzene/water system, the 

spreading force leads to the assembly of a tightly packed single monolayer of nanofibers. b. 

Nanofibers at the interface between carbon disulfide and water experience a stronger force (~48 

dyn/cm) causing nanofibers to collide, leading to some nanofibrillar aggregation.  

 

 The interfacial surface area between immiscible liquids varies proportionally with the 

diameter of the container, and in order to understand its effect on film growth, containers of 

different aspect ratios were tested. The speeds and climbing heights of films were measured in 

containers with an aspect ratio of 2 (wide diameter container) and 3.3 (narrow diameter 

container). A speed of ~1 cm/s is achieved using containers with an aspect ratio of 2; this 

relatively fast speed can be explained by the large number of droplets and highly energetic 
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coalescence which is observed during film growth. Controlling the interfacial surface area by 

varying the aspect ratio of a container also controls film morphology (Figure 2.13). Although fast 

film production may be convenient, using a wide diameter container for growing a film has a 

major drawback – the climbing height and surface coverage of the film is typically about 20% 

less than in a film grown in a container with a narrow diameter. 

 

 

Figure 2.13 Controlling the two-dimensional nanofiber packing morphology by varying the 

available interfacial surface area. The interfacial surface area between an oil and a water layer 

varies proportionally with the diameter of the containment vessel, and p-TSA partially doped 

polyaniline nanofiber films were grown using bottles of two different diameters: wide containers 

(aspect ratio = 2) and narrow containers (aspect ratio = 3.3). a. Narrow containers lead to films of 

monolayers of nanofibers with a lower packing density. b. Wide containers produce films 

comprised of a higher packing density of monolayers of nanofibers. 
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2.7 Conclusions 

 The amphiphilic nature of conducting polymers enables solution processing at the liquid-

liquid interface by simply mixing water and oil in any type of hydrophilic container. Processing 

is a function of selecting the "correct" solvent system, i.e. a mixture of solvents that are 

immiscible and that can wet the conducting polymer. Typically, processing using water and a 

halogenated organic solvent offers a mixture that results in rapid spreading of polyaniline 

nanofibers. During deposition a catenoid forms resulting in viscous flow inside the catenoidal 

inner channel affording another force for directional flow and thin film deposition. The catenoid 

contains the largest concentration of interfacially trapped material; therefore, controlling the 

coalescence of its inner channel provides a means for inducing film growth. 

     

2.8 Outlook 

 The liquid-liquid interface is a confined two-dimensional space that is easy to control 

using conducting polymer nanofibers because amphiphiles such as polyaniline can stabilize 

interfaces. It would prove useful to develop a library of liquid-liquid interfaces by determining 

miscibility and surface tension of combinations of immiscible fluids in order to optimize thin 

film deposition. For example, oil such as silicone has an extremely low surface tension and 

should prove useful when combined with water resulting in a very high interfacial surface 

tension that may lead to rapid film growth. Alternatively, using a borosilicate glass or a quartz 

container would be a simple method for studying the stability of a catenoid and may shed light 

on how to more efficiently expel solids out of the bulk liquid-liquid interface. 
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Chapter 3. Transparent Films of Conducting Polymer Nanofibers 

 

3.1 Simple and scalable deposition of transparent films  

 Transparent thin films of conducting polymer nanofibers can be fabricated in a palette of 

colors as displayed by the films of polyaniline and polythiophene in Figure 3.1a; pictured, from 

left to right, are red chloride doped polythiophene, green perchloric acid doped polyaniline, and 

blue dedoped polyaniline. These polyaniline films were grown using an aqueous dispersion of 

para-toluene sulfonic acid (p-TSA) doped nanofibers and chloroform. The films were then 

exposed to either base or acid vapors in order to dedope (blue) or further dope (green) them, 

respectively. Note that a p-TSA doped polyaniline film has a greater than 70% light 

transmittance as demonstrated by the clearly observable UCLA logo placed behind the slides. 

Scalability is demonstrated in Figure 3.1b by the growth of a homogeneous transparent p-TSA 

doped polyaniline nanofiber film deposited on a large glass substrate (12.7 x 17.7 cm). This is 

accomplished in seconds using 8 mL of an aqueous polyaniline nanofiber dispersion [4 g/L], an 

inexpensive rectangular plastic container, and the solvents: recycled chlorobenzene and water. 

This immiscible binary system establishes a liquid-liquid boundary of sufficient interfacial 

surface energy on a hydrophilic solid surface to produce film spreading. Thus the selective 

deposition of a film occurs on glass when polymer nanofibers and the solvent mixture are housed 

in a hydrophobic container.  
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Figure 3.1 Transparent films of monolayers of conducting polymer nanofibers. a. Glass slides 

coated with Cl
─
 doped polythiophene nanofibers (red), doped polyaniline nanofibers (green) and 

dedoped polyaniline nanofibers (blue). b. A uniform p-TSA doped polyaniline nanofiber film on 

a large glass substrate (12.7 cm x 17.7 cm). 
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3.2 Optimizing film surface area coverage 

  Film surface area as a function of polymer concentration during the solution processing 

of a Marangoni film was studied by varying the amount of solids present at the liquid-liquid 

interface during film growth. A series of films were deposited on microscope glass slides using 3 

mL of DI-water, 6 mL of chlorobenzene, and a specific volume of a 4 g/L aqueous dispersion of 

p-TSA partially doped polyaniline nanofibers. Once dried, the surface area of each film was 

measured using a grid that served as a background in order to calculate area; it was observed that 

as the concentration of polymer in solution increased, so did the surface area of a coating (Table 

3.1). Approximately 99% of substrate surface area (1875 mm
2
) was coated using 0.16 mL (0.64 

mg of solids) of the polymer dispersion. 

Table 3.1 Concentration of solids in solution versus surface area of the deposited film. 

Concentration of solids in 

solution (mg) 

Film surface area 

(mm
2
) 

0.04 

0.08 

0.12 

0.16 

0.20 

0.24 

0.28 

0.32 

0.36 

0.40 

0.56 

0.64 

0 

100 

200 

275 

288 

675 

688 

925 

1675 

1704 

1775 

1850 
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3.3 Deposition on non-activated hydrophobic surfaces  

A homogeneous solid-state film deposits on a non-activated hydrophobic surface using a 

binary system, such as water and a fluorocarbon, which behaves like liquid Teflon
® 

possessing 

extremely low wettability and surface energy.
1,2

 This binary immiscible system is comprised of 

solvents that represent end-of-the-spectrum polarities, possesses a large interfacial surface 

tension, and leads to selective wetting as the non-polar fluoroalkane deposits a self-adsorbed 

solid monolayer on the surface of a hydrophobic substrate.
3,4

 Vigorous mixing of this non-polar 

perfluorinated fluid with water leads to an emulsion of droplets stabilized by a significant 

negative charge,
5
 trapping nanofibers at the liquid/liquid interface thus allowing droplet 

coalescence to deposit a film. A perfluorinated fluid is chemically inert, shows excellent 

toxicological properties, and evaporates cleanly from a surface.
6
  

 Deposition on a non-activated hydrophobic surface, demonstrated in Figure 3.2a, results 

in a green colored doped film of polyaniline nanofibers. Polypropylene, polyethylene, oriented 

polyester, and polyvinyl chloride non-activated surfaces have been coated with transparent 

conducting polymer nanofiber films. These films are conductively continuous across their entire 

surface area as tested by a 2-point probe. A transparent film of perchloric acid doped polyaniline 

nanofibers was deposited on an oriented polyester substrate (10.2 cm x 8.4 cm x 0.0254 cm); it 

was coated via directional fluid flow, using 6 mL of an aqueous polymer dispersion [4 g/L], 3 

mL of water, and 60 mL of a perfluorinated fluid such as Fluorinert FC-40
®
. All chemicals were 

combined and vigorously agitated in a 250 mL wide mouth glass jar, and a clean hydrophobic 

substrate was then introduced into the glass jar’s liquid/liquid interface. This set-up was then 

vigorously agitated and a green film immediately deposited on the plastic substrate. The coated 

green colored substrate was removed after 1 min of agitation, washed with water, and allowed to 
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dry at ambient conditions producing a conductively continuous film (Figure 3.2a). Dedoped thin 

polyaniline nanofiber films were also produced on non-activated hydrophobic substrates such as 

polyvinyl chloride slides by mixing water, nanofibers, and a fluorocarbon such as Fluorinert FC-

40
®
 (Figure 3.2b). These transparent and flexible films of conducting material were 

homogeneously deposited in one minute under ambient conditions. A scanning electron 

micrograph of a camphorsulfonic acid (CSA) doped polyaniline nanofiber film grown on a vinyl 

substrate, demonstrates a continuous network of nanofibers (Figure 3.2c). The UV-Vis spectra of 

this polyaniline nanofiber film illustrates control over the optical density by being able to deposit  

both single and double sided films (note the larger absorbance in Figure 3.2c inset).  
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Figure 3.2 Photographs of transparent films of conducting polymer nanofibers on non-activated 

hydrophobic substrates. a,b. A non-activated hydrophobic flexible substrate coated with 

polyaniline nanofibers. c. The nanoscale morphology of this film is comprised of a network of 

entangled nanofibers as shown in a scanning electron micrograph. This electrically continuous 

and conductive monolayer of nanofibers is characterized by a high transparency as shown in the 

single and double sided coatings and their corresponding UV-vis spectra (inset). 
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3.4 Controlling adhesion to a substrate  

The level of adhesion between a conducting polymer coating and a solid surface was 

studied by systematically depositing polyaniline nanofiber films on substrates with different 

surface energies. Glass, for example, was first immersed in concentrated nitric acid for 48 hr, 

rinsed in water, dried, and cleaned using an oxygen plasma before film deposition. In order to 

test the strength of adhesion between a film and substrate, a peeling test was performed by 

pressing an adhesive tape on a dry film and then pulling the tape at a 90 degree angle from the 

surface. Table 3.2 shows the peeling data collected from films dried at 25 
o
C and 55 

o
C for 5 

days, the number of peels is defined by how many times the test was carried out in order to 

completely remove the film off a substrate. The strength of adhesion increases with annealing 

temperature and soda lime glass possesses the greatest adhesion strength (number of peels = 10) 

compared to borosilicate glass, quartz, ITO, mica, or aluminum foil (number of peels = 7) (Fig. 

3.3). 

Table 3.2 The strength of adhesion of a polyaniline nanofiber film on various surfaces. 

 *Number of 

peels (25oC) 

*Number of 

peels (55oC) 

Soda lime glass 9 10 

Borosilicate glass 8 9 

Quartz 7 7 

ITO 7 8 

Mica 5 5 

Aluminum foil 4 7 

                                *3M Scotch Removable Tape 
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Figure 3.3 Photographs of aluminum foil substrates. Left. A coated substrate shows a blue 

colored film comprised of dedoped polyaniline nanofibers. Right. An uncoated substrate. 

 

 

3.5 Deposition of a monolayer of nanofibers 

 Molecular interactions between the free surface energy of interfacially adsorbed 

nanofibers and the substrate can dictate film morphology.
7
 Perchloric acid doped polyaniline 

forms a film with an average thickness of a single nanofiber, as can be seen in Figure 3.4a-c. 

This occurs because the nanofibers are interfacially extruded when sandwiched between a layer 

of oil and a layer of water as demonstrated in Figure 3.4d that shows a close-up image of a 

network of nanofibers in continuous contact. Single monolayers of polyaniline nanofibers can 

also be deposited using dopants such as camphorsulfonic acid or p-TSA.   
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Figure 3.4 Scanning electron micrographs of thin films of polyaniline nanofibers deposited on 

glass slides. a-c. A close-up sequence shows a homogeneous morphology comprised of a single 

monolayer thick cross-sectional architecture as well as a high packing density. d. A thin film is 

continuous and conductive as demonstrated by the physical contact between nanofibers at the 

nanoscale. 
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 Directional fluid flow is responsible for inducing mass transport of nanofibers from the 

bulk liquid-liquid interface to the film front, and during this process nanofibers experience fluid 

shear that is capable of aligning them as demonstrated in Figure 3.5. To induce alignment, 

polyaniline nanofibers are typically processed in a partially doped state utilizing chloroform as 

the oil phase. A substrate is treated via Piranha etching and oxygen plasma in order to induce 

rapid deposition. An organic halogenated solvent such as chloroform is responsible for an 

elongated coil conformation in the polymer backbone chains making up a nanofiber and results 

in mesoscale alignment of nanofibers in a film. We speculate that a relaxation of the internal 

packing of chains comprising a nanofiber translates into a more solution processable and 

dispersible anisotropic nanostructure that can therefore be aligned by fluid shear.  

 

Figure 3.5 SEM image of an aligned section in a nanofibrillar PANi film. 
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3.6 Conductivity measurements of polyaniline nanofiber films 

 Films of p-TSA partially doped polyaniline nanofibers on glass substrates were used for 

measuring conductivity. In a typical experiment 0.35 mL of a 4 g/L aqueous dispersion of 

polymer, 3 mL water, and 5 mL of chlorobenzene were vigorously agitated. The mixture was 

then set aside to grow an upward spreading film. Water, organic solvent, and polymer nanofibers 

were combined in a plastic container which can snugly fit a microscope glass slide, such as a 60 

mL polypropylene Falcon
®
 conical tube. Gold electrodes were deposited on a dry film (see 

Figure 3.6a-c), the polymer was redoped, and conductivity was measured via 4-point probe 

analysis. Film thickness was determined by measuring the film’s cross-section using a scanning 

electron microscope (SEM). Images were collected at a tilt angle of 52 degrees using an SEM 

(FEI Nova 600 - FIB system) capable of providing accurate nanometer size measurements.  

Nanoscale morphology comprised of monolayers results from growing partially doped 

nanofibers on a glass substrate (Figure 3.6d-e). Aggregates develop in the film’s morphology if 

doped nanofibers are used, possibly due to a high degree of protonation in the polymer 

backbone. Non-covalent interactions such as hydrogen bonding between nanofibers, as well as 

between nanofibers and substrate, determine homogeneity of morphology at the nanoscale.  An 

average thickness of 100 nm is representative of homogeneous monolayer films of nanofibers of 

p-TSA partially doped polyaniline possessing conductivities up to 3 S/cm; the films are 

conductively continuous across the entire surface of the substrate. 
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Figure 3.6 Polyaniline nanofiber films on glass for conductivity measurements via 4-point 

probe. Partially doped p-TSA polyaniline nanofiber films are deposited, dried, and redoped for 

analysis. a. Pristine films on glass prior to electrode deposition have a light transmission greater 

than 70%. b. Evaporated gold electrodes are spaced at 0.75 mm from each other. c. A schematic 

representation of the electrode geometry. By controlling the doping level in polyaniline, the 

nanoscale morphology of a film can be tailored. d. A partially doped aqueous colloidal 

dispersion of polymer leads to monolayers of nanofibers on a glass substrate. e. A close-up 

image shows a cross-section of the film, with a thickness ranging from 68 to 103 nm.  
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3.7 Thin films of poly(3-hexylthiophene) nanofibers 

 Poly(3-hexylthiophene) is a particularly useful solution processable semiconducting 

polymer, because it offers a high field-effect mobility in organic field-effect transistors
8,9 

and 

benefits from absorption in the visible solar spectrum as a donor material in organic solar cells.
10

 

Thin films of poly(3-hexylthiophene) are employed in the fabrication of electronic devices such 

as photoelectrochemical cells,
11

 textured photovoltaics and nanorod solar cells.
10,12

 The 

morphology of a thin film of P3HT in an organic field effect transistor alters the charge injection 

mechanism that determines whether current-voltage behavior is linear (ohmic) or nonlinear,
13

 

and is also critical to device efficiency because the solid-solid interface between a P3HT film 

and an oxide layer confines field-induced carriers.
8
  

 Nanofibers of poly(3-hexylthiophene) (Figure 3.7) are synthesized using an initiator 

assisted polymerization protocol reported to yield bulk quantities of conducting polymer 

nanofibers such as polyaniline, polypyrrole, polythiophene, and their derivatives.
14

 The 

deposition of a thin film of P3HT nanowires is attractive because 1D nanostructures have high 

mechanical flexibility,
14

 afford large surface to volume ratios,
11

 as well as enhance charge 

percolation and device efficiencies by increasing the donor-acceptor interfacial area
10,12 

and - 

stacking in a photovoltaic bulk heterojunction.
15

 A thin P3HT nanofiber film was deposited on a 

hydrophilic glass substrate using hexane and a 1:1 mixture of nitromethane to acetonitrile. The 

nanoscale solid-state morphology of this film is highly homogeneous as demonstrated by SEM 

and is comprised of a single nanofiber monolayer (Figure 3.7a-c) with an AFM height profile of 

75 nm in thickness. 

  A film of commercial poly(3-hexylthiophene) was deposited on a non-activated 

hydrophobic self-adsorbed monolayer (SAM) of octadecyltrichlorosilane (OTS)  on a surface of 



50 
 

SiO2, using chlorobenzene and Fluorinert FC-40
®
 which affords a simple and scalable technique 

for the fabrication of an organic field effect transistor (see Figure 3.8a-c). This device was 

fabricated by conventional photolithography, comprised of gold bottom-contacts for low-cost 

manufacturing
16

 and modified SiO2 separation channels.
17

 The organic SAM covers the device’s 

separation channels with a C18 hydrocarbon chain monolayer, alters the surface energy of SiO2, 

and renders the substrate hydrophobic. A high gate dielectric such as this OTS self-adsorbed 

monolayer works as a buffer that prevents the trapping of charge carriers at the dielectric-

semiconductor interface,
18

 provides low leakage current,
19 

and higher FET mobilities.
20

 This 

device exhibited a mobility of 2.7 x 10
-3

 cm
2
/Vs with an on/off ratio of 1000.  

The schematic flow process diagram for device fabrication (Figure 3.9a-d) and an array 

of bottom-contact gold electrodes on SiO2/Si illustrate the electrode geometry (Figure 3.9a top 

right). A SAM OTS is deposited on SiO2 by immersion into a 1 % solution in toluene for 1 hr 

(Figure 3.9b). The treated electrode is immersed in a container with a solution of P3HT in 

chlorobenzene and a fluorocarbon such as Fluorinert FC-40
®
. This container is vigorously 

agitated in order to form an emulsion of droplets that upon contact with the OTS SAM coalesce 

and lead to the deposition of a P3HT film (Figure 3.9c). The coated electrode is taken out after 1 

min of agitation and immediately annealed on top of a hot place at 110 
o
C for 15 min (Figure 

3.9d).  
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Figure 3.7 A scanning electron micrograph close-up sequence shows a series of tilted (at a 52
o
 

angle) SEM images of a film of poly(3-hexylthiophene) nanofibers deposited on glass. a-c. Large 

scale deposition results in a coating comprised of a single nanofiber thick monolayer. d. UV-Vis 

spectrum of initiator assisted polymerized P3HT. The nanofibers were dissolved in 

chlorobenzene and the spectrum shows a typical absorption pattern of solvated P3HT.
21
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Figure 3.8 Film deposition for electronic devices. a-c. A P3HT  field effect transistor and its 

output characteristic curve. a. Close-up photographs of bottom-contact gold electrodes (yellow) 

and SiO2 separation channels (blue). b. SEM image shows a thin film of commercial P3HT 

deposited on SiO2, scale bar: 3 m. c. I-V curve of a device exhibits a mobility of 2.7x10
-3

 

cm
2
/Vs with an on/off ratio of 1000. d. A P3HT thick film is present on the surface of the gold 

electrodes; during annealing wrinkles are formed (the separation channel has been digitally 

colored).  
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Figure 3.9 Flow process diagram for deposition of P3HT nanofibers on an electrode array. 
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3.8 Multilayered thin film architectures 

 The nanofibrillar density of multilayered films produced by Marangoni flow can be 

controlled by sequential deposition of layers of doped polyaniline nanofiber films (Fig. 3.10a). 

UV-Vis spectra show that every new layer produces an optical density of approximately 0.2 

absorbance units. Each layer of film was allowed to dry for 30 min at ambient conditions before 

collecting a spectrum. The UV-Vis absorption of polythiophene (Fig. 3.10b) obtained for a film 

sampled at different heights shows the expected absorption peaks.
22

 Deposited film mass can be 

controlled by the angle at which the film is grown because the mass of polymer deposited varies 

inversely with film height. Therefore, optical density decreases as the film climbs up the 

substrate. This demonstrates the ability to control film morphology via a concentration 

gradient.
23

 Control over the density of the deposited nanofibers during film formation can be 

monitored by UV-Vis spectroscopy. Each of the 4 layers of a p-TSA doped polyaniline nanofiber 

film grown on glass can be observed through their incremental increase (~0.2 units) in 

absorption (Figure 3.10a). A series of spectra collected at different heights along a polythiophene 

nanofiber film grown at a 60
o
 angle demonstrates that optical density can be controlled by the 

angle of the film growth (Figure 3.10b). A polythiophene nanofiber film grown at a 60
o
 angle on 

a plastic substrate, ITO-polyethylene terephthalate, is flexible as shown in the Figure 3.10b inset. 
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Figure 3.10 Control of optical density. a. UV-vis spectra show a 4 layered film of polyaniline 

nanofibers demonstrating equal magnitude in their empirically determined absorbance. b. A 

slight gradient in the deposition packing density is present in a Marangoni film as a consequence 

of a concentration gradient at the liquid-liquid interface. A polythiophene nanofiber film grown 

at a 60
o
 angle on a plastic substrate, ITO-polyethylene terephthalate, is flexible as shown by 

applying light pressure with blue gloved finger tips (inset).  
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 Film morphology can also be controlled by changing the concentration of nanofibers 

resulting in a range of packing densities that enable control of thin film architecture. The effect 

of polymer nanofiber concentration on film morphology was studied by comparing films made 

from different concentrations of nanofibers. Films were deposited on glass slides, and tilted SEM 

images collected (Figure 3.11). Polymer concentration of nanofibers controls the nanofiber 

packing morphology; the number of nanofibers present in a given area increases proportionally 

with concentration. Excess nanofibers lead to nanofibrillar aggregates. Typically 3 mL of water 

and 5 mL of chlorobenzene were mixed along with different concentrations of p-TSA partially 

doped polyaniline nanofibers: low (0.18 mL of 4 g/L aqueous dispersion), medium (0.4 mL), and 

high (0.8 mL) concentrations. Packing of nanostructures occurs in two-dimensions whereby 

monolayers of nanofibers spread and stack side-by-side across the substrate surface. High 

concentrations of nanofibers lead to high packing densities of polymeric nanostructures in the 

film morphology (Figure 3.11a). Conversely, as the polymer concentration is gradually lowered, 

the deposited nanofiber mass decreases proportionally (Figure 3.11b,c).  

 

 

Figure 3.11 Decreasing the concentration of nanofibers in a film growth solution results in lower 

packing densities. a. A high packing density. b. Medium. c. Low. 
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3.9 Electrochromic thin films  

 The electrochemical behavior of polyaniline nanofiber films is characterized by probing 

oxidation states of the polymer using cyclic voltammetry (CV). Transitions from 

leucoemeraldine to emeraldine, and from emeraldine to pernigraniline are assigned as shown in 

Figure 3.12. Hydrochloric acid, perchloric acid and para-toluene sulfonic acid doped polyaniline 

films all show their first oxidation peak at 0.25 V, a leucoemeraldine to emeraldine transition. 

The second oxidation peak at 0.95 V is due to the transition from the emeraldine to the 

pernigraniline form. In the p-TSA doped polyaniline nanofiber film, the oxidation processes 

show an increase in current for the first oxidation peak, possibly due to traces of chemical 

initiator employed in synthesis of these nanofibers. An aromatic additive such as N-phenyl-1,4-

phenylenediamine leads to a rapid rate of increase in the first oxidation peak during a potential 

sweep.
24

 These cyclic voltammograms indicate that polyaniline nanofibers as synthesized are in 

an emeraldine oxidation state.
25,26

 These nanofiber films are transparent, robust and capable of 

handling multiple cycles of CV. Figure 3.12 shows that only the area of the electrode immersed 

in the electrolyte changes color as the direction of the potential is switched. The transparency of 

the film grown on ITO is demonstrated by how clearly the structure of polyaniline can be seen 

through the film.  The green emeraldine form of a polyaniline nanofiber film is dipped halfway 

into an electrolyte and electrochemically reduced to transparent leucoemeraldine (Figure 3.12a), 

and then oxidized to violet pernigraniline (Figure 3.12b). An electrochromic transition is readily 

apparent as a polyaniline nanofiber film is cycled between reduced and oxidized forms. The 

graph shown in Figure 3.12c displays CV curves of polyaniline nanofibers doped with 

hydrochloric acid (HCl), perchloric acid (HClO4) and para-toluene sulfonic acid (p-TSA). The 
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instrumentation setup for CV is shown in Figure 3.12d; the oxidation states of polyaniline are 

displayed in Figure 3.12e. 

 

 

Figure 3.12 Electrochemical analysis of a thin film comprised of nanofibers of the conducting 

polymer polyaniline. a-b. During transition from a reduced to an oxidized state, a polyaniline 

thin film undergoes a color change from transparent to violet. c. Cyclic voltammograms (CVs) of 

PANi thin films of different dopants. d. Setup utilized for collecting CVs. e. Chemical structures 

of conjugate backbones associated with the redox transitions in a PANi thin film. 
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3.10 Conclusions 

 The method described herein affords a simple and inexpensive solution for the growth of 

transparent thin films of conducting polymer nanofibers. Building on the concept that a fluid of 

lower surface tension (oil) will always spread over a fluid of higher surface tension (water),
27

 we 

have demonstrated here how an oil film can effectively carry dispersed organic nanostructures 

across an aqueous layer present on the surface of glass. Films rapidly deposit at ambient 

conditions within seconds, dry in minutes, and the solvents can be recycled. Large substrate 

areas can be homogeneously and reproducibly coated with high quality thin films. In addition, 

hydrophobic surfaces can be used as substrates for film growth by first activating the surface 

using an argon-oxygen plasma or by simply growing a film directly on non-activated 

hydrophobic surfaces. A monolayer film deposits at ambient conditions as a result of extrusion 

of nanofibers out of the liquid-liquid interface thereby affording a simple technique for the 

fabrication of transparent conductive coatings. 

 

3.11 Outlook 

 Aligning anisotropic materials under fluid shear is a controllable process at the liquid-

liquid interface and it is possible to optimize and improve homogeneity of alignment. By 

increasing the speed of film spreading, the influence of fluid shear may translate into a larger 

scale alignment; this is accomplished by controlling the interfacial surface tension. Using liquids 

of extreme opposite polarity and surface tension such as water and silicone oil may result in 

faster spreading and possibly alignment at the microscopic scale. The next steps are to utilize 

nanofibers of higher aspect ratio than p-TSA and perchloric acid doped PANi because these are 

more easily aligned under fluid shear.   
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Chapter 4. Carbon Nanostructures Under Interfacial Fluid Flow 

 

 A protocol for the deposition of thin films of carbon nanostructures is described in this 

chapter and this technology overcomes the limitations typically associated with solution based 

processing. Directional fluid flow at the liquid-liquid interface is a universal method that affords 

simple solution processing on any type of nanostructured solid for the rapid fabrication of a thin 

film. The results reported in this chapter are a follow-up of previous work on thin films of 

conducting polymers (Chapters 2 and 3) and are focused on carbon allotropes. Here the 

deposition of transparent and conductively continuous carbon coatings on virtually any type of 

substrate and within seconds is addressed. Interfacial surface tension gradients result in 

directional fluid flow and film spreading at the water/oil interface. For example, processing of 

nanostructured carbon solids such as single-walled carbon nanotubes results in film spreading 

and formation of a catenoid (Figure 4.1). Interfacial deposition affords transparent films of 

carbon nanostructures for deposition of aligned ropes of single-walled carbon nanotubes and 

assemblies of single sheets of chemically converted graphene and graphite oxide. Process scale-

up, layer-by-layer deposition, and a simple method for coating non-activated hydrophobic 

surfaces are demonstrated. 
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Figure 4.1 Catenoids of single-walled carbon nanotubes (left) and polyaniline nanofibers (right) 

are shown in this photograph; the glass walls of both containers are coated by transparent films 

of solids. 

 

4.1 Introduction to thin films of carbon allotropes in electronic devices 

 Among the different forms of nanostructured carbon, 1D single-walled carbon nanotubes 

(SWCNTs), 2D graphite oxide (GO), and 2D graphene are part of a rich scientific history 

spanning centuries.
1-3 

During the middle ages, 3D graphite served as a marking tool,
4
 whereas 

today, carbon allotropes are of great interest as next-generation electronic materials.
5
 Carbon 

nanotubes and graphene have unique electronic properties that include a high charge carrier 

concentration,
6 

large-current capacity,
7 

and high mobility.
8 

In contrast, graphite oxide is an 

insulator that can be solution processed and reduced to chemically converted graphene, a 



64 
 

promising material for a variety of applications.
9,10 

The potential uses for nanostructured carbon 

include ultrasensitive sensors,
11 

transparent conductors,
12 

radiofrequency electronics,
13 

biological 

sensors,
5 

and field effect transistors,
13 

among others. The standard fabrication of all these 

electronic devices requires a method that can produce high quality films. 

 Solution-based processing of carbon nanostructures offers the potential to rapidly 

generate films of these materials for applications.
11,14

 Currently carbon nanostructures can be 

deposited by solution based methods
5 

such as spin-coating,
6 

dip-coating, drop-casting,
11

 and tilt-

drop casting.
7
 These techniques, however, suffer from low material utilization yield, aggregation 

of the deposited material, and a lack of reproducibility. In addition, the Langmuir-Blodgett (LB) 

technique has been utilized by exploiting an air/water interface.
8,15-18

 However, LB is not 

effective on all substrates,
18 

and often requires dip-coating, surfactants
15 

and up to 96 h for the 

formation of a single film.
17

 

 

4.2 Carbon allotropes at the liquid/liquid interface 

 Recently, the liquid/liquid interface has attracted much attention for the assembly of 

carbon nanostructures because it can filter out unwanted materials,
19

 can control the orientation 

of solids
20

 and allows assembly induced defects to be corrected rapidly.
13,21,22

 The amphiphilic 

nature of partially oxidized carbon nanostructures is ideal for chemistry at a water/oil interface. 

A hydrophilic character is imparted by ionizable –COOH and –OH functional groups and 

balanced by the lipophilic nature of a hexagonal array of sp
2
-bonded carbon atoms.

11,15,18
 Rod-

like and plate-like carbon nanostructures have high specific surface areas that enhance interfacial 
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stability.
22,23

 Not surprisingly, when carbon nanostructures are interfacially trapped between 

water and oil, these solids stabilize the formation of a Pickering emulsion.
24

 

 Here we demonstrate a substrate-directed process for making thin films of aligned carbon 

nanostructures that occurs in seconds. This method utilizes an interfacial surface tension gradient 

at the water/oil interface and produces densely aligned SWCNT thin films which may potentially 

enhance device performance.
7,8 

Unlike LB and evaporative techniques, substrate-directed 

deposition does not require the use of foreign stabilizers that are undesirable for many 

applications, and may degrade the material's electrical properties.
7,16,23 

Up until now, the 

assembly of carbon nanostructures at the liquid/liquid interface was a slow process that required 

transferring a film once assembled.
19,21 

The technique described here is direct, fast, and universal 

for carbon nanostructures leading to the deposition of thin films on any type of substrate 

including non-activated hydrophobic surfaces. Directed-substrate deposition is a low-cost 

process that affords layer-by-layer assembly and requires only water and oil for producing high-

quality conducting carbon thin films for electronic applications. 

 

4.3 Experimental 

 Inducing droplet coalescence. Typically, water and chlorobenzene are combined in a 

glass vessel (Figure 4.2) and vigorously agitated in order to form a water in oil emulsion of 

droplets (Figure 4.2a). When agitation is stopped, droplets spontaneously coalesce (Figure 4.2a–

e) and film growth ensues; this process is best viewed against an indirect, bright source of light. 

Since water and oil don’t mix, when these fluids are combined and allowed to thermally 

equilibrate, two immiscible phases remain separated by a single bulk liquid/liquid interface. 
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Upon agitation, the immiscible binary system changes and forms an emulsion of droplets 

containing multiple interfaces.
24

 After the input of mechanical energy ceases, the droplets 

coalesce, the emulsion phase separates and the system returns to a single bulk liquid/liquid 

interface. In a hydrophilic container, this process leads to a surprising event as a liquid film 

spreads up the walls when the droplets coalesce. The film coats the inside of the container and 

grows out of the liquid/liquid interface. Figure 4.2 is a photographic sequence that shows the 

coalescence of droplets and the formation of a catenoid. A thin liquid film spreads up a 

hydrophilic wall when water and an oil, such as a dense halogenated hydrocarbon, are vigorously 

agitated in a glass vial and left standing. Optical photographs show: the presence of the initial 

unstable emulsion of droplets (Fig. 4.2a); coalescence of small droplets leading to larger droplets 

(Fig. 4.2b); a water ring pressed against the glass wall; droplets coalescing inside the water ring 

(Fig. 4.2d); and when coalescence stops, the water ring remains (Fig. 4.2e). The profile of the 

water ring shows that it is actually a catenoid (Fig. 4.2f); the water layer adopts this geometrical 

shape in order to minimize its surface energy.  A water soluble red dye shows that the inner 

catenoidal channel is comprised of oil.  

 

 Single-walled carbon nanotube dispersion. An aqueous dispersion is prepared using 

acid treated single-walled carbon nanotubes (SWCNT-P3 from Carbon Solutions, Inc.) purified 

via centrifugation cycles (112 g / 30 min) and dispersed until a medium gray, translucent 

suspension remains. Carbon nanotubes are sonicated in deionized water using a standard 

ultrasonic bath. Trapping of carbon nanotubes at the water/oil interface requires vigorous 

agitation, typically provided by a mechanical instrument such as a sonicator or a vortex 



67 
 

mixer.
24,25 

Coating a 49 mm x 11 mm substrate can be accomplished in a 20 mL scintillation vial 

using 1 mL of a 0.1 mg/mL aqueous dispersion of SWCNT and 4 mL of chlorobenzene. A larger 

substrate such as a glass slide (75 mm x 25 mm) is readily coated in a 60 mL Falcon® conical 

tube, using 2 mL of a 0.1 mg/mL aqueous dispersion of SWCNT and 8 mL of chlorobenzene. 

Emulsification of CNTs is carried out by sonication and film growth via manual agitation.  

 

 

Figure 4.2 Photographic sequence of droplet coalescence captures the event of phase separation 

and catenoid formation. a-d. Coalescence results in the formation of larger droplets. e. Phase 

separation leads to the formation of a catenoid. f. Profile of a catenoid. 
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4.4 Carbon film spreading mechanism 

 Spreading occurs because the system experiences a spontaneous interfacial surface 

tension gradient that leads to vertical fluid flow.
25-27 

Basically, the process entails the agitation of 

two immiscible liquid phases that irreversibly trap solid impurities at the liquid/liquid interface 

and thereby stabilize the formation of a Pickering emulsion.
20,28 

Agitation leads to droplet 

formation which results in an increase of the interfacial surface area, and when agitation ceases, 

the thermodynamically unstable emulsion coalesces as droplets combine with each other causing 

the system to phase separate. This process decreases the total interfacial surface area thereby 

expelling solids and excess oil out of the droplet liquid-liquid interface. A spontaneous gradient 

in the concentration of solids at the liquid-liquid interface produces an interfacial surface tension 

gradient. An anisotropic distribution of interfacially trapped solids leads to directional fluid flow, 

otherwise known as the solutal Marangoni effect. This phenomenon is governed by the 

minimization of the total interfacial surface energy of the system,
17 

and is based on the principle 

that a liquid of lower surface tension (such as chlorobenzene) will always spread over a liquid of 

higher surface tension (such as water). Engineering and exploiting this droplet coalescence 

phenomenon can result in rapid film deposition of carbon nanostructures.  

 Trapping carbon nanostructures such as single-walled carbon nanotubes (SWCNTs), 

graphite oxide (GO) sheets or chemically converted graphene (CCG) sheets at a liquid/liquid 

interface leads to Pickering emulsions and coalescence.
24,29 

Here we develop solution processing 

for rapid thin film deposition of carbon nanostructures for large scale coatings by vigorously 

agitating a smaller aqueous phase with an oil. Figure 4.3 shows a schematic diagram depicting 

the growth mechanism and a photographic sequence of a spreading film of SWCNTs. Film 
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growth is the result of coalescence in a Pickering emulsion of SWCNTs that promotes fluid flow. 

Water in oil emulsions are produced using aqueous carbon nanostructure dispersions of different 

concentrations; the mass of interfacially adsorbed solids needs to be controlled to prevent 

particle agglomeration in a film.
30 

A dense halogenated hydrocarbon such as chlorobenzene or a 

fluorocarbon serve as the "oil" phase. The emulsion stability is dependent on the solvents, the 

concentration of solids at the interface
28 

and the strength of adsorption of the particles which is 

theoretically proportional to the aspect ratio of the rod- and plate-like particles.
20 

Therefore, 

emulsions of carbon nanostructures can be produced in a range of water and oil ratios that span 

from 1:2 to 1:5, and lead to water droplets dispersed in an oil phase (Figure 4.3a). Segregation of 

particles to the interface results from the amphiphilic/amphiphobic nature of the carbon 

nanostructures.
26 

Upon resting, droplets break-up, expelling excess oil and interfacially adsorbed 

solids (Figure 4.3b). This results in an interfacial surface tension gradient that leads to directional 

fluid flow. An oil film spreads and carries interfacially adsorbed material over a wet substrate 

and evaporation leads to a solid-state coating. Film growth occurs in seconds and the thin layer 

of deposited solvent dries in minutes under ambient conditions. This deposition technique 

recycles all raw materials because any excess carbon that remains at the bulk liquid/liquid 

interface (Figure 4.3c, 4.3d right and 4.3e right) can be re-emulsified for coating other films. The 

vertical spreading of a transparent film of SWCNTs is shown in the sequence of photograph in 

Figure 4.3d next to a digitally retouched sequence (Figure 4.3e) where the film can be observed 

with greater clarity.   
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Figure 4.3 Mechanism of film spreading. a. Carbon emulsion. b. Coalescence expels excess oil 

and nanostructures (left) generating an interfacial surface tension gradient that leads to film 

deposition over a wet substrate (right). c. A reservoir of solid materials remains. d. A transparent 

film of SWCNTs grows on glass. e. A digitally retouched sequence aids in visualization.   
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 4.4.1 Process flow of interfacial thin film deposition technique  

 The process flow diagram in Fig. 1 shows the mechanism of growth and deposition of a 

film on a hydrophilic surface. A substrate such as SiO2 (Fig. 4.4a) is boiled in piranha solution, 

etched in an oxygen plasma and submerged in water to induce homogeneous wetting (Fig. 4.4b). 

When this wet substrate contacts a Pickering emulsion of carbon nanoparticles (Fig. 4.4c), film 

growth ensues as the droplets coalesce (Fig. 4.4d-f). A transparent coating of carbon 

nanostructures spreads in seconds and is continuous across the entire coated surface area. 

 

 

Figure 4.4 Process flow of deposition technique. a. A clean hydrophilic SiO2 substrate. b. Wet 

substrate. c. Droplets of a Pickering emulsion of carbon nanostructures contact the substrate. d. 

Coalescence leads to film growth. e. Fewer and larger droplets continue to drive film growth. f. 

A single bulk liquid-liquid interface remains. 
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4.5 Conclusions 

 Oxidized carbon allotropes afford dispersible colloids for thin film processing via 

interfacial fluid flow. The emulsification of these solid semiconductor nanostructures is carried 

out at the interface between immiscible fluids resulting in the formation of Pickering emulsions 

of carbon coated droplets. Carbon allotropes are stabilizers of interfaces and require processing 

at ambient conditions in order to induce interfacial adsorption. Trapping carbon nanostructures at 

the liquid/liquid interface is carried out by manual agitation or via an ultrasonic bath or a Horn 

sonicator. Solution processing is enabled by the functional groups present in oxidized carbon 

thereby providing a chemical handle for tuning and optimizing interfacial stability in a Pickering 

emulsion. 

 

4.6 Outlook 

 A lot of work has been reported on controlling the level of oxidation of a carbon 

nanostructure, wet chemistry techniques such as acid treatments result in the presence of 

carboxylic acids, hydroxyls, and epoxide functional groups in a carbon nanostructure. These 

ionizable species enable solution processing, determine emulsion properties and are responsible 

for inducing film growth. It may prove fruitful to work with pristine carbon in order to determine 

what minimum level of oxidation is required for making a carbon material solution processable. 

For example, mild acid treatment of pristine single-walled carbon nanotubes would enable 

emulsification affording a Pickering emulsion of highly conductive nanostructures that can be 

subsequently utilized for the interfacial deposition of a transparent conductor. 
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Chapter 5. Interfacial Transparent Films of Carbon Allotropes 

 

5.1 Introduction to aligned ropes of single-walled carbon nanotubes 

 Directional fluid flow leads to rapid interfacial spreading at speeds of up to 2 cm/s. This 

results in micrometer scale alignment of SWCNTs since rod-like particles in a fluid system are 

known to align when sheared.
1
 A 0.5 mg/mL aqueous dispersion, sonicated for 20 min, leads to a 

high packing density of aligned carbon nanotubes (Figure 5.1a-c). Strong intratube van der 

Waals binding interactions cause carbon nanotubes to assemble into ropes.
2
 The coalescence of 

droplets in a Pickering emulsion leads to tightly packed domains (Figure 5.1d) of aligned 

SWCNT ropes (Figure 5.1e-f). Aligned domains stack side-by-side which producing 

homogeneous bulk morphology and a transparent coating. The orientation of SWCNTs is driven 

by hydrogen bonding, van der Waals attractions and the electrostatic interactions between 

nanotubes and solvent molecules.
3,4

 In addition to forming films of 1D carbon nanotubes, this 

process can also be used to generate films of 2D carbon nanostructures such as graphite oxide.  
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Figure 5.1 Tilted scanning electron micrographs of SWCNT films on SiO2. a. A magnified SEM 

sequence of a domain of oriented ropes of single-walled carbon nanotubes (SWCNTs). b. The 

morphology of a domain is characterized by a high packing density. c. A close-up of a domain 

shows well separated and oriented carbon ropes. d. The film morphology is comprised of 

SWCNT domains that stack in 2D. e. Aligned nanotube ropes assemble into a dense array 

possessing a high-packing density. f. Magnified view of aligned SWCNT ropes. 

 

5.2 Interfacial deposition of graphite oxide sheets 

 Two-dimensional sheets of carbon nanostructures can stabilize Pickering emulsions with 

surfactant-like adsorptive properties and chemistries at liquid/liquid interfaces. The 2D 

liquid/liquid interface is geometrically similar to a flat sheet and is therefore an ideal 
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environment for interfacially trapping these nanostructures.
5
 The high aspect ratio of atomically 

thin sheets of carbon leads to thermodynamically favorable adsorption at the interface.
6,7

 GO is a 

single-atomic-thick amphiphile that acts as both a molecular and a colloidal surfactant at the 

interface between water and oil, reducing the interfacial surface tension.
7
 When an emulsion of 

droplets coalesces, the ensuing directional fluid flow drives GO sheets to spread interfacially 

over large areas. Graphite oxide sheets produced by a modified Hummer's method
8 

are dispersed 

in Milli-Q water, combined with chlorobenzene and processed into a homogeneous thin film 

(Figure 5.2a-c). Typically, a 0.2 mg/mL aqueous dispersion of GO sheets is emulsified with 

chlorobenzene in a 1:4 ratio by sonicating for 30 s. A transparent, pale yellow colored film coats 

a glass slide in seconds after manual agitation followed by allowing the container to rest. 

Deposition of a GO film is carried out at a pH close to neutral, because film growth is pH-

dependent. Note that spreading does not occur at a high pH because the deprotonation of edge -

COOH groups renders GO more hydrophilic and emulsion coalescence ejects GO back to the 

water phase.
7
 Using a low pH solution for thin film deposition leads to protonation, hydrogen 

bonding between GO sheets and results in aggregated thin film morphology.   
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Figure 5.2 Scanning electron micrograph sequence of a GO film on SiO2. a. A film of 2D sheets 

of graphite oxide is produced over large surface areas. b. This coating is characterized by a high 

packing density. c. Close-up shows a homogeneous morphology and minimal sheet aggregation. 

 

5.3 Chemically converted graphene films 

 A chemically converted graphene (CCG) film spreads spontaneously on an oxygen 

plasma treated SiO2 substrate. Deposition is carried out by combining 2 mL of an anhydrous 

hydrazine dispersion of CCG sheets and 4 mL of chlorobenzene. Emulsification of the 

components requires 30 s of sonication in a standard ultrasonic bath. Trapped CCG sheets at the 

liquid/liquid interface lower the total interfacial energy of the system.
6
 Film growth is carried out 

by manually agitating all the components and allowing the droplets to coalesce. Hydrazine is a 

hydrophilic fluid of high surface tension (66.39 mN/m) that wets SiO2 upon contact. An oil, such 

as chlorobenzene, has a lower surface tension (32.99 mN/m) and therefore can spread over 

hydrazine. Interfacial spreading occurs within seconds on a substrate and produces a 

conductively continuous coating of graphene sheets that stack side-by-side (Figure 5.3a-c).   
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Figure 5.3 Scanning electron micrographs of sequence of images that shows a chemically 

converted graphene thin film. a. Large scale coverage. b-c. Chemically converted graphene 

sheets stack side-by-side. 

 

5.4 Experimental 

 Synthesis of chemically converted graphene. The synthesis of chemically converted 

graphene (CCG) is carried out in the fume-hood using a Schlenk line by reducing GO paper with 

anhydrous hydrazine, and leads to a material containing residual carboxylic acids and hydroxyl 

groups.
8
 Typically, 100 g of anhydrous hydrazine are added into a 250 mL three neck round 

bottom flask equipped with a stirring bar, stopcock, argon gas inlet, and vacuum outlet. Then, 

argon gas is bubbled in for 10 min, the chamber is gently evacuated, and then backfilled with 

argon. This step is repeated 3 times to ensure low levels of oxygen. Note that this procedure is 

chemically hazardous due to the caustic nature of anhydrous hydrazine vapors. The reduction of 

GO (0.0178 g) is carried out at room temperature, under gentle stirring using an argon sparge for 

three days. The product is a black slurry, purified by collecting a 7 mL aliquot followed by 
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centrifugation at 1000 RPM for 25 min. The supernatant of the purified product is a light gray 

translucent dispersion containing single sheets of graphene suspended in anhydrous hydrazine. 

 

 Solution processing of an aqueous dispersion of SWCNTs. Typically, a 5 mg/mL 

aqueous dispersion of SWCNTs containing 30% by volume hexafluoroisopropanol is sonicated 

in an ice bath for 1 h using a horn tip at 100% power output. First, the dispersion is centrifuged at 

112 g for 30 min; next, the top portion of the supernatant is separated. The supernatant is then 

diluted to 50% using deionized water and extended sonication affords a purified stable 

dispersion. This purification process is repeated 4 times in order to obtain a highly dilute and 

transparent SWCNT aqueous dispersion.  

 

 Atomic force microscopy. Atomic force microscopy (AFM) was carried out using a 

NanoscopeV Dimension Icon (Veeco Instruments) under ambient conditions. Topographic 

imaging in the dynamic mode (AM-AFM) employs phosphorus n+-doped silicon cantilevers 

(PPP-NCST, Nanosensors) with nominal spring constants of 7.4 N/m, first longitudinal 

resonance frequencies between 130-165 kHz and nominal tip radii of <10 nm. Simultaneous 

height and phase images were acquired and simple plane fitting enables cross-sectional and 

histogram analyses. The applied loading force required to maintain stable controlled feedback 

and nominal radius of the cantilever probe tip produced some image convolution and material 

deformation generating slight variation in the reported dimensions as compared to expected 

values. 
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5.5 Control of film transparency 

 Films of carbon solids can be produced from both 1D or 2D carbon nanostructures; in 

both cases the mass of solids deposited on a substrate has an inverse relationship with film 

transparency. In other words, by using SWCNT dispersions of different concentrations films can 

be produced in a range of transparencies. Figure 3a shows three films with transparencies of 

95%, 90%, and 70%, obtained from 0.01 mg/mL, 0.1 mg/mL aqueous dispersions, and a 0.1 

mg/mL aqueous dispersion with 2% ethanol added, respectively. Ethanol is added to lower the 

surface charge on the SWCNTs and reduce their interfacial energy allowing them to assemble at 

the liquid/liquid interface.
9 

A film with a 90% transmittance (Figure 5.4a high) possesses a sheet 

resistance of 1 k. In order to coat a glass slide, 2 mL of a SWCNT aqueous dispersion and 8 

mL of chlorobenzene are emulsified. The substrate and emulsion are combined in a snug fitting 

container, manually agitated, and upon standing, the film spreads spontaneously. Film 

homogeneity is dependent on the wetting properties of a solid and therefore tailoring of the free 

surface energy of the substrate is required. Depending on the substrate, the free energy of the 

surface can be tailored by a variety of methods. Glass, for example, is oxidized in nitric acid and 

etched in an oxygen plasma, quartz is boiled in chromic acid, and mica is cleaved. A hydrophilic 

surface that is chemically homogeneous affords a high degree of wetting for rapid film spreading 

and leads to the deposition of a uniform transparent film.  
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Figure 5.4 Glass slides are coated using carbon nanotube emulsions of different concentrations 

that lead to a gradient in the transparency of the films.  

 

 Controlling the packing density in a film of aligned SWCNTs is carried out via post-

production annealing at 300 
o
C for 12 h; this leads to well-separated carbon ropes (Figure 5.5a) 

and stronger film adhesion to the substrate. Alternatively, the mixing protocol of an aqueous 

dispersion can also be used to control the packing density. Extended sonication in a common 

ultrasonic bath for 2 h using a 0.1 mg/mL aqueous dispersion produces well-separated carbon 

ropes and a coating of aligned SWCNTs possessing a low packing density (Figure 5.5b).  

 



83 
 

 

Figure 5.5 Scanning electron micrographs of SWCNT films deposited on SiO2. a. Annealing a 

film of aligned SWCNTs reduces the packing density. b. Extended sonication controls 

morphology in solution and leads to a film of aligned SWCNTs possessing a lower packing 

density. 

 

5.6 Transparent films comprised of individual SWCNTs 

 When a SWCNT aqueous dispersion is processed using a horn sonicator in combination 

with extended centrifugation and dilution cycles, individual SWCNTs can be deposited as a film. 

Typically, a 1 mL aliquot of the SWCNT aqueous dispersion and 4 mL of chloroform are 

sonicated for 1 hr using a horn tip. When the sonicator is turned off, coalescence of droplets 

ensues, thereby resulting in spreading. In this way, film deposition can be automated (Figure 5.6) 

with a sonicating tip that emulsifies components (Fig. 5.6a-b) leading to film growth over a wet 

substrate (Fig. 5.6c). Solution processing produces thin films of well separated SWCNT ropes 

and individual carbon nanotubes as demonstrated in Figure 5.7.   
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Figure 5.6 Process diagram for automated deposition of a SWCNT thin film. a. An emulsion of 

droplets stabilized by SWCNTs is produced using a horn sonicator. b. A wet SiO2 substrate 

contacts the emulsion surface. c. The sonicating tip is turned off and coalescence ensues leading 

to film deposition. 
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Figure 5.7 Scanning electron micrographs of SWCNT films deposited on SiO2. Film deposition 

is carried out using a binary immiscible mixture comprised of an aqueous phase containing 

hexafluoroisopropanol and a halogenated hydrocarbon. This mixture is sonicated extensively 

prior to film deposition. a-b. Using chlorobenzene as the other phase results in a thin film 

morphology of well separated ropes and individual carbon nanotubes. c-d. When chloroform 

serves as the other phase, it leads to a film morphology containing more individual carbon 

nanotubes.  
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 Raman spectroscopy shows that signal intensity is dependent on the mass of carbon that 

is deposited in a film (Figure 5.8). A variation in the concentration of carbon solids deposited in 

the solid-state film results from the anisotropic distribution of carbon nanotubes at the 

liquid/liquid interface during film growth. 

 

 

Figure 5.8 Raman analysis shows a gradient in the intensity due to the anisotropic distribution of 

individual SWCNTs in a film.  
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5.7 Deposition on non-activated hydrophobic surfaces  

 A non-activated hydrophobic surface can be coated with a transparent and conductively 

continuous film using a binary mixture of immiscible solvents of opposite polarity. When this 

binary solvent system comes into contact with a solid, it leads to the spontaneous displacement 

of the fluid from the surface by another liquid in what is known as selective wetting.
10

 Thin film 

deposition on a low surface energy solid requires a solvent of extremely low surface tension. For 

example, mixing water and a fluorocarbon leads to selective wetting and induces film growth on 

a non-activated hydrophobic surface. A fluorocarbon is a liquid of low surface tension that can 

wet plastics, impregnate polypropylene film capacitors
11 

and impart water repellency to polyester 

fabrics.
12

 An extremely low cohesion exists between fluorocarbon molecules leading to the 

complete wetting of plastics.
13 

The low surface tension of a fluorocarbon stems from the low 

polarizability of the fluorine atom and leads to immiscibility with water, a polar liquid of high 

surface tension (72.8 mN/m).
14 

In this study, fluorocarbons (Figure 5.9) such as perfluoro-2-

butyltetrahydrofuran (15 mN/m),
15 

 perfluoromethylcyclohexane (15 mN/m),
16 

Fluorinert® FC-

40 (16 mN/m), Fluorinert® FC-70 (18 mN/m), and Fluorinert® FC-77 (15 mN/m) are employed. 

 Vigorous agitation of water, a fluorocarbon solvent and SWCNTs leads to unstable 

droplets coated with 1D nanostructured carbon. Upon contact with a non-activated hydrophobic 

substrate, the fluorocarbon displaces water from the surface leading to selective wetting. The 

coalescence of droplets is a highly energetic process as a result of the extreme difference in 

surface tension between the two solvents. Carbon nanotubes, partially coated by both solvents, 

are immediately expelled out of the droplets and adsorb at the water/fluorocarbon interface 

present on the substrate. Adsorption is further enhanced by the hydrophobic interactions between 
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SWCNTs and fluorocarbons.
17,18 

Interfacial spreading minimizes the total interfacial surface 

energy of the system and leads to adsorption and deposition of SWCNTs.  

 A high quality transparent film of carbon nanostructures coats a plastic substrate after 

immersion in a perfluorinated emulsion of droplets. The time that a substrate remains in contact 

with the droplets determines the mass of carbon that is deposited onto the substrate. Increasing 

the length of time leads to a higher concentration of adsorbed solids and changes the wetting 

properties of a plastic from hydrophobic to hydrophilic. When a dense film of acid treated carbon 

nanotubes coats a plastic, the surface energy changes and the plastic behaves like a hydrophilic 

surface that can be wetted by water. Vertical film spreading, typically observed on a hydrophilic 

surface, can therefore be induced after adsorption of a dense coating of SWCNTs.  

 

Figure 5.9 Perfluorinated fluids. a. Perfluoro-n-dibutylmethylamine. b. Pefluoro-n-butylamine 

(FC-40). c. Perfluoro-2-butyltetrahydrofuran (FC-75). d. Perfluoromethylcyclohexane. 
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 Deposition of a large, transparent film of SWCNTs is demonstrated by coating a 22 x 22 

cm
2 

area of a flexible, non-activated, hydrophobic substrate (Figure 5.10a). An emulsion is 

engineered using a horn sonicator by mixing 400 mL of Fluorinert FC-40 and 200 mL of a 0.05 

mg/mL aqueous dispersion of SWCNTs. The sonicator is set to 100% power output and mixing 

is carried out in an ice bath for 2 h. The substrate and carbon emulsion are then housed in a snug 

fitting container and vigorously agitated manually for 10 min. Once coated, the oriented 

polyester substrate (Grafix® Plastics) is removed from the encasing vessel and allowed to dry 

under ambient conditions; the fluorocarbon solvent evaporates cleanly from the surface and 

leaves behind no residue. The film shown in Figure 5.10a is a double-sided film with a 

transparency greater than 90% and a sheet resistance of 1 k; this coating's high transparency 

can be appreciated by its observable shadow in the background.  

 Smaller sized transparent films of SWCNTs can be deposited on non-activated optically 

transparent polyvinyl chloride slides (Figure 5.10b) by combining 2 mL of a 0.1 mg/mL aqueous 

dispersion of SWCNTs with 8 mL of a perfluorinated hydrocarbon such as Fluorinert FC-40. 

Emulsification is carried out in a snug fitting container by manually agitating components for 1 

min. A coated slide is removed from solution, washed with water in order to remove any excess 

adsorbates and allowed to dry under ambient conditions. Figure 5.10c shows that manual 

agitation for 1 min produces a conductively continuous film that is 98% transparent, possessing a 

1 M sheet resistance. The edges of the plastic substrate are homogeneously coated and possess 

a uniform sheet resistance; the center has a resistance two orders of magnitude higher. This lack 

of homogeneity in the electrical properties is remediated by simply agitating for longer than 1 

min as demonstrated by the improvement in the uniformity of the electrical resistance after 5 

min. Contact between a substrate and coalescing droplets leads to the adsorption of SWCNTs; 
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the longer the contact, the greater the bulk uniformity of a film. Agitation for 7 min leads to 90% 

transparency with 1 k sheet resistance across the entire coated surface area. 

 

 

Figure 5.10 SWCNT films on flexible substrates. a. A transparent film on a 22 cm x 22 cm 

oriented polyester flexible substrate. b. Multiple coated polyvinyl chloride plastic slides. c. The 

optoelectronic properties of a SWCNT film are controlled by solution processing. 
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5.8 Atomic force microscopy 

Analysis of the morphologies of SWCNT and GO films are shown in Figure 5.11. A 

SWCNT film is comprised of domains that stack side-by-side (Fig. 5.11a) which leads to a high 

packing density of aligned and well separated carbon nanotube ropes (Figure 5.11b) with height 

profiles of less than 8.4 nm (Fig. 5.11c). Solution processing of graphite oxide sheets results in a 

coating (Fig. 5.11d-f) of single sheets of GO with a height profile of 0.8 nm (Fig. 5.11f).  

 

Figure 5.11 AFM images of carbon thin films. a. Domains of SWCNTs. b. Aligned SWCNT 

ropes. c. Film thickness = 8.4 nm. d. GO film (90 m x 90 m). e. Side-by-side stacking of GO 

sheets. f. The film is largely comprised of single sheets with a  0.75 nm thickness. 
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An atomic force microscopy histogram of the average film thickness of a GO film is 

shown in Figure 5.12a. Interfacial spreading is a technique that results in large-scale film 

deposition of 2D carbon nanostructures such as GO and CCG sheets. A film's thickness is 

determined by the extrusion of carbon solids out of a liquid-liquid interface and results in 

transparent coatings of CCG single sheets (Figure 5.12b) of 0.75 nm thickness (Figure 5.12c). 

 

 

Figure 5.12 Representative AFM images, histograms and cross-sectional analyses. a. The GO 

film structure is largely comprised of single sheets. b. A CCG film on SiO2 is deposited using 

anhydrous hydrazine and chlorobenzene leading to a densely packed morphology comprised of 

single sheets. c. Height profile of a CCG film shows a sheet thickness of 0.75 nm.   
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5.9 Freestanding carbon films 

 A film of carbon nanostructures can also be delaminated from its substrate by using a 

protocol that affords a viable strategy for the deposition of multiple layers of carbon. A partially 

wet film can be transferred from the air/water interface present on a hydrophilic surface to the 

air/water interface present in a liquid reservoir (Figure 5.13a-c). By controlling the degree of 

wetness in a film, delamination at the air/water interface is achieved. A film of SWCNTs on a 

glass slide is allowed to dry slowly by keeping the container lid closed for 5 min after deposition. 

The film is dried for 1 min under ambient conditions before it is delaminated using a 1 M HCl 

aqueous solution. A film remains as an entire piece due to the cohesive molecular interactions of 

the carbon amphiphiles comprising the film structure. Protonation of -COOH functional groups 

leads to hydrogen bonding between carbon nanotubes and tight packing in 2D; a delaminated 

floating film does not need compression. Until now, the typical method for fabricating and 

delaminating a single SWCNT film required a polymeric dispersant such as poly(3-

hexylthiophene), hydrazine treatment and a 3 h process time.
19 

Here we produce free-standing 

SWCNT films in minutes without a polymeric dispersant. Figure 5.13a-c shows a glass slide 

coated with a transparent film of SWCNTs being delaminated onto the surface of water. The 

entire film delaminates at the air/water interface as a single piece and a homogeneous 

freestanding film will remain floating for days.  

 When a freestanding film of SWCNTs is transferred from glass to SiO2, the morphology 

of the film retains alignment on a micrometer scale (Figure 5.13d). The freestanding film is 

electrically continuous and can be transferred to any type of substrate by scooping it up from the 

water's surface. During delamination on an acidic media, the film shrinks due to protonation of -
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COOH functional groups and the packing density increases due to the strengthening of the 

cohesive interactions. Layer-by-layer deposition is carried out by scooping up multiple layers 

and annealing each at 100 
o
C for 4 h before depositing one film on top of another.  

 The optoelectronic properties of a multi-layered SWCNT film are investigated by 

delaminating and transferring freestanding layers. A single transferred layer has a sheet 

resistance of 500 k (Figure 5.13e) with a transparency greater than 82%. Deposition of a 

second layer reduces the sheet resistance by an order of magnitude and the addition of three or 

more layers have little effect on the sheet resistance. The electrical stability of a film increases 

after the deposition of 2 or more layers as demonstrated by the less positive slope value of the 

curve (Figure 5.13e). Each layer decreases the transparency by an average of 10 absorbance units 

(Figure 5.13f). This large optical density stems from compression of the SWCNTs during 

delamination on a 1 M acid solution causing the film to shrink and the packing density to 

increase. Replacing the delaminating media with a 5% ethanol solution leads to higher 

transparencies. The delamination of CCG and GO films is currently being investigated for the 

fabrication of multi-layered hybrid carbon films.   
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Figure 5.13 Delamination and layer-by-layer deposition of freestanding films of SWCNTs. a-c. 

A partially wet SWCNT film is peeled off from the surface of a glass slide using the surface 

tension at the air/water interface. d. The film retains alignment after delamination. e. The 

electrical resistance stabilizes after delaminating and transferring two layers, additional layers 

have less of an impact. f. The transparency is controlled by stacking freestanding films on top of 

one another.  
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5.10 Conclusions 

 The liquid/liquid interface between two immiscible solvents of opposite polarity serves to 

organize carbon nanomaterials into thin films that are easily engineered and manipulated. The 

direct extrusion of a carbon thin film occurs within seconds under ambient conditions using a 

solution-based approach that offers the potential to economically scale-up the manufacture of 

thin films of aligned carbon nanotubes as well as graphite oxide and chemically converted 

graphene sheets. Deposition onto a non-activated hydrophobic surface requires matching the 

surface energy of the solid to the solvent's surface tension and leads to the spontaneous formation 

of a thin film of carbon nanostructures. Substrate-directed deposition offers great versatility for 

assembling nanostructures by taking advantage of the confinement between water and oil in a 2D 

environment. 

 

5.11 Outlook 

 The solution interfacial chemistry of water dispersible carbon nanostructures enables the 

deposition of transparent thin films and it would be interesting to study organic dispersible 

carbon allotropes such as C60 and its derivatives because of their role in organic solar cells. The 

next generation of experiments should focus on utilizing solution processing between immiscible 

organic phases such as nitrobenzene and hexane or dichlorobenzene and fluorinated fluids in 

order to trap these semiconductors at the liquid-liquid interface and thus enable deposition of a 

thin film. Emulsification of these low aspect ratio molecules (diameter of C60 is ~1.1 nm) may 

prove challenging and will require high intensity agitation; trapping C60 molecules between 

immiscible phases can be accomplished using a Horn sonicator.  
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Chapter 6. Transparent Films of Poly(3,4-Ethylenedioxythiophene) 

 

6.1 Introduction to Poly(3,4-ethylenedioxythiophene) (PEDOT) 

 The serendipitous discovery in the early 1970s that a plastic conducts electricity
1
 sparked 

great interest a few years later when a controlled doping process led to high conductivity.
2
 

Today, organic conjugated polymers promote the development of electronic devices
3
 due to their 

attractive electrical properties,
4,5

 ease of processability
6
 and high flexibility.

7,8
 Among them, 

poly(3,4-ethylenedioxythiophene) (PEDOT) is arguably the most commercially useful organic 

conjugated polymer of the last 20 years.
9
 It was originally developed by Bayer in 1997 as an 

antistatic coating
10

 and is characterized by long-term environmental stability,
11,12

 high electrical 

conductivity and low band gap, ranging between 1.6 to 1.7 eV.
13

 Due to a relative low absorption 

in the visible spectrum in its conductive state, PEDOT is an excellent candidate for 

optoelectronic applications
14,15

 such as electrochromics,
16

 optical display panels
17

 and electrode 

applications in solar cells.
18-20

   

 Common strategies for the synthesis of PEDOT are solution based oxidation, 

electrochemical synthesis, and polymerization from the vapor phase.
18,21

 The advantage of vapor 

phase deposition over other methods is that it offers a scalable and versatile technique for the 

fabrication of homogeneous transparent thin films possessing high conductivity. This technique 

circumvents the substrate specificity of an electrochemical approach
9
 by enabling deposition on 

various types of substrates such as glass,
18

 Si wafers,
7
 Si trenches,

4
 polyethylene terephthalate 

(PET),
8,14,19,21

 poly(carbonate)
22

 and paper.
3
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6.2 Experimental 

 High aspect ratio PEDOT nanofiber synthesis using a CVD chamber. Typically, 0.15 

mL of a 0.266 M aqueous solution of FeCl3 (3.99x10
-5

 moles) are pipetted at the center of a gold 

substrate and the droplet is allowed to come to thermal equilibrium for 5 min. Then, 0.5 mL of 

0.0674 M solution of EDOT in chlorobenzene are added into each of the two reservoirs (total 

number of moles = 6.74x10
-5

), the reactor lid is closed and the system's temperature is ramped 

up. 

 

 High aspect ratio PEDOT nanofiber synthesis using a Petri dish. High aspect ratio 

nanofibers are deposited on a piece of a microscope slide (1.5 cm x 1.5 cm) that serves as 

substrate, and the oxidant solution is added at the center by pipetting 24 L of a 0.266 M 

aqueous solution of FeCl3 (6.38x10
-6

 moles). Next, the substrate and oxidant solution are placed 

at the center of a Petri dish and 1 mL of a 0.0464 M chlorobenzene solution of EDOT (4.64x10
-5

 

moles) are added at the edge. This monomer solution is concentrically positioned around the 

substrate with a minimum distance of 1 cm. The Petri dish is then covered and inserted into an 

oven at 120 
o
C for 40 min. The final product is a dark blue colored circular mass of PEDOT with 

an approximate diameter of 5 mm and a thickness of 0.5 mm.  

 

 Sea anemone-like PEDOT synthesis using a Petri dish. The synthesis of sea anemone-

like PEDOT is carried out using the bottom of a 20 mL glass scintillation vial that serves as a 

substrate with dimensions of 10 mm in height and 28 mm in outer diameter. Synthesis is carried 
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out by adding 0.25 mL of a 0.228 M aqueous solution of FeCl3 (5.7x10
-5

 moles), and by placing 

the substrate at the center of a glass Petri dish with dimensions of 20 mm in height and 90 mm in 

diameter. Next, 1.5 mL of a 0.333 M chlorobenzene solution of EDOT (4.98x10
-4

 moles) are 

added at the edge of the Petri dish using a pipette. The Petri dish is covered and immediately 

placed in an oven at 130 
o
C; after 1 hr the cover is removed and the polymer is dried at 130 

o
C 

for 30 min. A film of PEDOT deposits with an approximate thickness of 0.5 mm coating both the 

bottom edge and the concentric depression of the substrate; this final product is of dark blue 

color. 

 

6.3 Interfacial deposition of PEDOT 

 The majority of applications for conducting polymers rely on the ability to deposit these 

materials as thin even coatings.
23

 The usefulness of PEDOT, based on its thin film 

architecture
18,24

 and assembly of polymer chains in a two-dimensional environment, is 

paramount for the fabrication of OLEDs,
25

 heterojunction based organic solar cells,
26

 and 

transparent electrodes.
19

 A PEDOT thin film can also serve as a hole-injection layer for 

electrochromics.
27

 This conductive polymer, however, cannot be deposited into a thin film by 

solution processing due to the rigid nature of its conjugated backbone; instead 

poly(styrenesulfonic acid), a flexible polymer dopant, is required.
7,8,25

 Other methods exist for 

making a thin film, such as electrochemical growth,
28

 but deposition rates tend to be slow for 

making large-area devices
29

 and suffer from poor transparency.
9
 These difficulties, inherent in 

traditional methods for film deposition of PEDOT, promote the development of alternate 

approaches such as the vapor phase.
3
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 The work reported here demonstrates a new solution based deposition technology that 

does not require a flexible polymer dopant and leads to the rapid deposition of a homogeneous 

transparent film of EVPP PEDOT. Typically, an EVPP PEDOT film is sonicated in 

chlorobenzene using a Horn sonicator for 1 hr leading to a translucent blue colored unstable 

dispersion. Water is added and the ternary mixture sonicated for 1 hr resulting in a Pickering 

emulsion of solids trapped at the water-chlorobenzene interface. Previous findings demonstrated 

that a Pickering emulsion of conducting polymer nanofibers can be optimized to induce polymer 

coated droplets to coalesce, thereby resulting in a concentration gradient of solids at the liquid-

liquid interface.
30

 Thin-film spreading occurs directly on a substrate in seconds due a surface 

tension gradient at the liquid-liquid interface that promotes directional fluid flow in what is 

known as the Marangoni effect. A homogeneous coating is continuous and conductive as shown 

in Figure 6.1a and is characterized by a transparency higher than 90% at 550 nm and a sheet 

resistance of 1 k/square; a Marangoni PEDOT film is comprised of nanoscaled amorphous 

solids. The UV-Vis-NIR absorption spectra for a thin film is compared to a PEDOT dispersion 

(Figure 6.1b) and both show absorbance in the 650 nm region corresponding to a -* transition 

associated with a metallic peak in conductive PEDOT;
24

 the film absorbs slightly less than the 

dispersion, possibly due to scattering in the solid state.  
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Figure 6.1 Transparent PEDOT films collected on glass slides and corresponding UV-Vis 

spectra. a. Photograph of interfacial thin films of PEDOT grown via interfacial surface tension 

gradients. b. The UV-Vis absorbance shows a transparent film with minimal absorption and the 

characteristic spectrum of a doped state. 

 

6.4 Synthesis of PEDOT from the vapor phase 

 In 1986, synthesis of a conducting polymer from the vapor phase, first demonstrated 

under vacuum using iron(III) chloride as the oxidant, led to a thin film of electrically conducting 

doped polypyrrole.
31

 Currently, two of the most common vapor phase deposition strategies for 

fabricating a thin film of PEDOT are: oxidative chemical vapor deposition (oCVD) and vapor 

phase polymerization (VPP). The vaporization of both oxidant and monomer makes oCVD a dry 

coating process that does not require any additives.
3,27

 When using iron(III) chloride as the 

oxidant, sublimation can be carried out by heating a crucible between 240 
o
C and 320 

o
C.

7
 By 

controlling synthetic parameters such as feed gases, temperature, pressure, and flow rates, thin 

films of oCVD PEDOT deposit on any type of substrate.
7
 Alternatively, precoating a substrate 

with oxidant before exposure to monomer vapors leads to what is referred to as a vapor-phase 
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polymerization (VPP). The homogeneity of a VPP PEDOT film is highly dependent on the 

evenness of the precoat
21

 and the thickness of a VPP film is controlled by adjusting the feed of 

evaporated monomer.
9
 This powerful synthetic technique results in other conjugated organic 

electronics such as polypyrrole
8
 and thiophene based backbones.

32
 

 Up to now, the majority of efforts in the vapor phase PEDOT community have focused 

on the deposition of smooth transparent films that are highly conducting. Thin coatings 

comprised of PEDOT nanostructures of low aspect ratio have been reported such as dendritic 

snowflakes,
14

 nanobowls,
33

 and basalt-like nanopores.
4
 High aspect ratio PEDOT nanostructures, 

on the other hand, can only be deposited from the vapor phase with the assistance of pre-

deposited electrospun nanofibers serving as a nanofibrillar template.
29,34

 Nanofibers of PEDOT 

offer the potential for enhancing the electronic performance of devices
6,14

 and are utilized in 

state-of-the-art sensors due to their large surface areas.
29

  

 

6.5 Evaporative vapor phase polymerization of PEDOT 

 Here we demonstrate a direct route that leads to high aspect ratio PEDOT nanofibers 

from the vapor phase without the need for an external template and results in a freestanding thick 

film characterized by vertically oriented and entangled nanofibers. Nanofibers deposit when 

molecules of the monomer 3,4-ethylenedioxythiophene (EDOT) carried in chlorobenzene vapor 

make contact with an evaporating aqueous droplet of iron(III) chloride heated on a solid smooth 

surface. Typically, a droplet of oxidant is placed on a gold substrate, monomer and 

chlorobenzene are added into reservoirs inside a chemical vapor deposition (CVD) chamber, and 

the temperature is ramped up to 130 
o
C. The evaporation of an oxidant aqueous droplet proceeds 
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by either of two possible routes, a constant contact area evaporation mode that diminishes the 

contact angle or a constant contact angle evaporation mode that minimizes the contact area,
35

 or 

a by a combination of the two.
36

 Evaporation in this study occurs simultaneously with 

polymerization and typically involves a combination of both evaporation modes, except on a 

gold surface where a constant contact area mode prevails due to pinning at the three-phase 

contact line, the point of contact between air, liquid, and solid.
37

 The contact line remains 

anchored during evaporation as a result of pinning induced by droplet/substrate interactions 

arising from surface roughness and chemical heterogeneities.
38

 Pinning of an oxidant droplet on 

a gold substrate results in a disk-shaped PEDOT film with homogeneous morphology comprised 

of vertically directed high aspect ratio nanofibers. In contrast, a contact line retreats from its 

anchored point due to dewetting thereby resulting in an inward radial droplet compression during 

evaporation. Dewetting is a force that counteracts pinning and leads to a constant contact angle 

evaporation mode,
38

 droplet compression, and ultimately in the deposition of a disk-shaped 

PEDOT film with a diameter that is 50% smaller than the oxidant droplet's. Therefore, forcing 

pinning at the three-phase contact line during vapor phase deposition provides a simple method 

for controlling the surface area and depositing larger PEDOT films. 
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Figure 6.2 Schematic diagram of CVD chamber. a. Perspective view of box-shaped reactor with 

a top lid. b. Top view shows the placement of the substrate c. Front view of the cavities that 

house three cartridge heaters and a thermocouple. d. Top view and internal view of the reactor. 
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Evaporative vapor phase polymerization (EVPP) is carried out under ambient conditions 

utilizing a 2 x 3 cm
2
 piece of gold coated polyimide substrate that is sonicated in methanol for 10 

s, air dried and placed inside the CVD chamber. A cartridge heater and a thermocouple are 

connected to a PID controller for accurate and constant homogeneous heating of the substrate. 

The lid and all CVD chamber walls are electrically heated. Figure 6.2 is a schematic diagram 

drawn to scale and shows a three cartridge-heater based geometry and a small sized reactor 

allowing for homogeneous heating of reactants. The head-space volume is 47 cm
3
 and a gap on 

the lid with a surface area of 4 cm
2
 allows the build-up of reactant vapors and permits the 

evaporation of excess vapors. The lid is electrically heated with an electrical heating pad in order 

to avoid condensation of chlorobenzene. A droplet is placed on a substrate at zero slope in order 

to aid homogeneous evaporation and formation of a disk-shaped film. A droplet of oxidant 

solution is pipetted at the center of a substrate and the monomer, an EDOT in chlorobenzene 

solution, is contained in 2 glass vials of 2 cm diameter that are equidistantly placed at 1 cm from 

the substrate. When the lid is closed, the CVD chamber and substrate temperatures are ramped 

up at approximately 400 degrees per hour from 25 
o
C to 130 

o
C (Figure 6.3) for a total of 45 min.  

 

Figure 6.3 Ramping temperature profile of a typical experiment. 
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 When the CVD lid is removed, a disk-shaped PEDOT film becomes visible as shown in 

Figure 6.4; this nanofibrillar mat possesses a blue color and is dried at 130 
o
C for 30 min. The 

substrate adhesion is poor due to excess hygroscopic iron(II) chloride byproducts present at the 

polymer/substrate interface leading to delamination upon cooling and resulting in a freestanding 

film. An EVPP disk-shaped film with a 1 cm diameter can be readily picked-up with a tweezers 

(Figure 6.5a) and is sufficiently robust to withstand extensive purification washes in methanol. 

The film has a macroscopic morphology that is characterized by a wrinkled polymer surface 

topography (Figure 6.5b).  

 

 

Figure 6.4 A recently deposited EVPP PEDOT remains adhered to a gold substrate. Two 

monomer glass reservoirs clamp the gold-coated plastic substrate affording homogeneous 

evaporation of a droplet for deposition of a disk-shaped film. 
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Figure 6.5 An EVPP PEDOT film after delamination from gold substrate. a. A disk-shaped 

freestanding film. b. SEM image shows the surface of a freestanding disk-shaped EVPP PEDOT 

film; the topography is comprised of a wrinkle morphology.  

 

6.6 Morphology of EVPP PEDOT deposited on a gold substrate 

 Scanning electron micrographs (SEM) of EVPP PEDOT show nanofibers of high aspect 

ratio coating wrinkled polymer topography on a gold substrate (Figure 6.6). A wrinkle is up to 50 

m in width and up to 100 m in height, can be as long as 2 mm in length, and is coated by 

vertically directed one-dimensional microfibers that are up to 1 m in diameter and up to 100 m 

in length (Figure 6.6a-c). The surface of a wrinkle is also coated by nanofibers (Figure 6.6c) up 

to 100 nm in diameter and up to 10 microns in length. These one-dimensional conductive 

nanostructures deposit in flat areas between wrinkles, entangle, and thus form a percolation 

network (Figure 6.6d-f). Microfibers conformally coat a curved surface resulting in vertically 

directed topography as demonstrated by tilted SEM analysis (Figure 6.6g) and preferentially 
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nucleate during polymerization leading to a high packing density (Figure 6.6h). Tilted SEM 

analysis shows that the morphology of a freestanding EVPP PEDOT film is characterized by 

preferential nucleation of microfibers (Figure 6.7a-c) sprouting out of the surface (Figure 6.7d) 

and by a continuous entangled network of nanofibers (Figure 6.7e).   

 A cross-sectional analysis of a film shows rigid microfibers ranging between 10 m and 

35 m in length and growing in a vertical direction out of a surface that is also coated with 

nanofibers (Figure 6.8a). The cross-section of a film is comprised of a 3 nm solid bottom layer, a 

10 nm intermediate layer characterized by a high packing density nanofibrillar network, and a 

top layer consisting of vertically directed nanofibers and microfibers reaching up to 30 m in 

height (Figure 6.8b). After multiple vigorous methanol washes, microfibers and nanofibers lose 

rigidity and due to their flexibility become entangled (Figure 6.8b).  The oxidant serves as an in 

situ templating scaffold for the growth of micro and nanofibers and is soluble in methanol, 

therefore washing results in the loss of structural rigidity for one-dimensional PEDOT 

architectures. Byproducts such as red colored iron(II) chloride microcrystals are present at the 

interface between polymer and substrate (Figure 6.8c) and are also soluble in methanol. 
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Figure 6.6 SEM images of EVPP PEDOT. a-c. Close-up sequence of images shows large scale 

coverage of nanofibers coating wrinkled polymer surface. d-f. Magnified close-up demonstrates 

that the surface is a comprised of a network of entangled nanofibers. g. A 50 degree tilt 

demonstrates that microfibers are vertically directed. h. Preferential nucleation leads to high 

packing density for a microfiber that appears to sprout out of a specific region. 
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Figure 6.7 Preferential nucleation of microfibers. a-c. A tilted sequence of scanning electron 

micrographs shows nanofibers sprouting out of a specific area on the polymer surface. d-e. Both 

microfibers and nanofibers sprout concomitantly. 
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Figure 6.8 Cross-sectional analysis of an EVPP PEDOT film. a. A raw unpurified film has a 

thick bottom layer comprised of iron(II) chloride microcrystals. b. A methanol washed film is 

comprised of a 3 nm solid bottom layer, a 10 nm intermediate nanofibrillar layer and a 30 m top 

layer of both vertically directed microfibers and nanofibers. c. The bottom of a film is comprised 

of red colored iron(II) chloride microcrystals.  
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6.7 Controlling nanofibrillar morphology 

 A sequence of images at low magnification of the surface topography of an EVPP 

PEDOT film before (Figure 6.9a-b) and after methanol washing (Figure 6.9c-d) show little 

appreciable change in morphology. However, a view of the microfibrillar surface at higher 

magnification shows that rigid one-dimensional microfibers entangled within a nanofibrillar 

network (Figure 6.9e) lose structural rigidity after washing (Figure 6.9f). Slackening of micro 

and nano scaled architectures (Figure 6.9g) results in complete entanglement of all one-

dimensional architectures (Figure 6.9h-i). Microfibers sprout out of the polymerized surface 

(Figure 6.10a) by preferential nucleation (Figure 6.10b) and can reach up to 10 m in diameter 

and 100 m in length (Figure 6.10b-c); nanofibrillar structures also sprout out of the surface 

(Figure 6.10d). During EVPP, microcrystals of iron(III) chloride can serve as nucleation sites for 

microfibrillar growth; polymerization stops when the oxidant is reduced to iron(II) chloride, a 

catalytically inert salt. Iron(II) chloride microcrystals present at the polymer/substrate interface 

can reach up to 1 millimeter in length as demonstrated by optical microscopy (Figure 6.11).  
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Figure 6.9 Effect of methanol wash on the morphology of an EVPP PEDOT film. a-b. A low 

magnification sequence of images shows the topography when the sample is taken out of the 

oven. c-d. Same sample after methanol wash. e. A rigid microfibrillar architecture is entangled 

with nanofibers before washing. f. Microfibers bend and remained flexed after methanol wash. g-

i. A high magnification sequence of images demonstrate that both nanofibers and microfibers 

form a continuous flexible nanofibrillar network after methanol wash. 
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Figure 6.10 Large microfibers are present in the film morphology. a. A low magnification image 

shows that microstructures coat the entire film surface. b. Preferential nucleation of a microfiber 

leads to localized vertically directed growth. c-d. These microstructures are entangled with a 

network of nanofibers.  
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Figure 6.11 Large microcrystals of iron(II) chloride. These gold colored byproducts are found 

after a reaction does not proceed to completion. Some small areas of these crystals are coated by 

PEDOT.  

 

6.8 Synthetic role of water in the polymerization of EVPP PEDOT 

 The step-growth of PEDOT proceeds via oxidative radical polymerization when the 

monomer is oxidized by iron(III) chloride resulting in EDOT radical cations that combine and 

dimerize.
7
 Deprotonation of a dimer leads to stability and makes the incorporation of other cation 

units possible, thereby forming conjugated backbones, higher oligomers and polymers.
22,28

 The 

role of the proton scavenger is typically played by the oxidizing agent’s anion or an additive such 

as pyridine, albeit both perform poorly when compared to water.
18

 Water is a better proton 

scavenger than the tosylate anion and results in conductive blue colored PEDOT when iron(III) 

tosylate is used as the oxidant; the arrival rate of water molecules to the oxidant surface initiates 

polymerization and determines the conjugation length.
17

 Controlling both the level of embedded 
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water as well as the arrival rate of additional water to the oxidant layer may provide an alternate 

route for the formation of PEDOT.
18

  

 Water as a synthetic variable was studied by increasing the water content of droplets from 

25%, to 50%, to 100%, and finally to 400% resulting in larger droplets, less concentrated oxidant 

solutions and larger PEDOT films comprised of vertically oriented nanofibers. Process scale up 

is limited, however, because increasing only the water content results in EVPP PEDOT films that 

suffer from brittleness. These diluted oxidant solutions spread over a larger surface area on a 

hydrophilic substrate such as glass and led to a thinner PEDOT film. Increasing water content by 

greater than 400% results in a morphology that is characterized by a smooth non-nanofibrillar 

surface. The result of excess water was also investigated by placing a water reservoir next to the 

substrate inside the CVD chamber and resulted in a surface topography characterized by periodic 

wrinkles (Figure 6.12a) lacking nanofibers (Figure 6.12b). Alternatively, using a dry oxidant 

droplet for EVPP leads to a heterogeneous PEDOT film that contains aggregates and a few small 

sporadic nanofibers. Typically, an oxidant droplet is dried by heating gently on a hot plate at 50 

o
C for 8 hr; however, due to the hygroscopic nature of the oxidant, water remains present. Dried 

droplets were also rehydrated for different lengths of times inside a humidity chamber at 100% 

relative humidity. Rehydrated oxidant droplets were kept inside the humidity chamber for 30 

min, 1 hr, 5 hr and 12 hr prior to carrying out EVPP and resulted in heterogeneous morphologies 

characterized by nanofibers and aggregates. A rehydrated droplet does not regain its original 

spherical shape and is characterized by anisotropically distributed water content resulting in a 

heterogeneous morphology. The water content controls the initiation of polymerization, and 

deposition of high quality PEDOT requires a relative humidity ranging between 35% and 65%.
17
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Figure 6.12 Scanning electron micrograph of EVPP PEDOT deposited while excess water was 

present in the CVD chamber's headspace. a. The sample is comprised of a wrinkled topography. 

b. The surface of the sample is smooth and does not contain nanofibers. 

 

6.9 Polymerization induced by evaporation 

 Deposition via EVPP is initiated at the droplet's edge where temperature rapidly increases 

and evaporation results in a reduction of water content (Figure 6.13a-e). During the first 10 s of 

polymerization, the yellow edge of the oxidant droplet solution turns orange and at 40 s changes 

to blue; the central portion however, remains unchanged and represents approximately 90% of 

the total droplet surface. When a resting droplet evaporates under ambient conditions, the 

evaporation rate is faster at the edge than at the center
39

 and when placed on a hot solid surface, 

the outer edge experiences a higher heat flux.
40

 Initially, the major contributor to the process of 

evaporation is the edge, despite the central portion encompassing most of the droplet surface. 

The central portion of the droplet eventually changes color at about 90 s, slowly turning orange 
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then rapidly switching to blue. As the central portion thins out, a dramatic increase of heat flux 

due to reduced thickness enhances the heat transfer by conduction in the liquid layer resulting in 

rapid evaporation of the center.
40

 Anisotropic thermal distribution in a pinned droplet leads to a 

faster rate of evaporation at the edge, results in outward capillary flow known as Deegan flow, 

and induces a surface tension gradient known as Marangoni flow. Both models illustrate mass 

transport of solute from the center to the edge of an evaporating droplet due to directional fluid 

flow.
35,41

 

 

Figure 6.13 EVPP PEDOT deposited using a common Petri dish. a-e. The protocol for 

depositing a film requires an oven that is heated from the bottom as well as insulated walls. 

Temperature needs to be controlled and ramped-up with a PID controller. 

 

 The effect of temperature versus sheet resistance of EVPP PEDOT was studied by 

carrying out syntheses at 50 
o
C, 70 

o
C, 90 

o
C, 110 

o
C, and 130 

o
C. The sheet resistances at 45 

min were 300 M/square, 300 /square, 180 /square, 50 /square and 10 /square, 

respectively. The reaction at 50 
o
C resulted in a wet sample and a blue colored edge due to 

incomplete polymerization. Conductivity is intrinsically related to the polymerization steps that 

occur at the surface of the substrate where monomer and oxidant come in contact. Typically, a 

substrate temperature above 100 
o
C leads to a higher conductivity because it increases the 
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reaction rate of polymerization and promotes deprotonation. Also, scavenged protons rapidly 

evaporate as HCl and therefore acid-catalyzed side reactions that can degrade the polymer 

structure are minimized resulting in a longer conjugated backbone and higher conductivity,
7
 The 

conductivity of a disk-shaped freestanding film of EVPP PEDOT nanofibers is 90 S/cm and 

superior to templated PEDOT grown on electrospun nanofibers of polyacrylonitrile or poly(vinyl 

alcohol) with corresponding values of 1-8 S/cm
34

 and 61 S/cm,
29

 respectively. The sheet 

resistance of an EVPP PEDOT film of nanofibers is at least 5 times lower than flexible fabrics 

coated with VPP PEDOT,
21

 which range between 5-10 /square.   

 Discontinuous and patchy coatings result when iron(III) chloride serves as the oxidant for 

the vapor phase deposition of a transparent PEDOT film; its hygroscopic nature leads to the 

presence of microscopic oxidant crystallites in the thin film architecture.
9,32

 A thin film of the 

conducting polymer polypyrrole is also characterized by a heterogeneous morphology when 

FeCl3 serves as the oxidant
8
. Controlling contact between oxidant and monomer molecules 

determines the mass of PEDOT
42

 and the homogeneity of a thin film.
23

 The effect of oxidant 

concentration in EVPP was investigated by polymerizing droplets of different molarity; 

typically, a 0.266 M aqueous solution of FeCl3 leads to high aspect ratio nanofibers. Oxidant 

solutions were diluted by a factor of x2 (0.133 M), x5 (0.0532 M) and x10 (0.0266 M), as well as 

concentrated by a factor of x2 (0.532 M) and x5 (1.33 M). Polymerization of the least 

concentrated droplet solution resulted in low aspect ratio PEDOT nanofibers. The aspect ratio of 

nanofibers increased proportionally with the concentration of the oxidant solution up to a 0.266 

M concentration. Doubling the concentration to 0.532 M leads to aggregates and nanofibers, 

while a five-fold increase results in deposition of large nanofibrillar aggregates, wrinkles and 

complete stifling of nanofibrillar growth. 
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 During the initial stages of EVPP, a blue polymer skin forms at the edge of an 

evaporating droplet; this smooth and hardened exterior polymer shell grows radially inward as 

polymerization progresses thereby enveloping the entire central portion.  Within the first 15 min 

of polymerization, the sample is wet and partially coated with hollow one-dimensional structures 

(Figure 6.14a); these grow in size and number as polymerization progresses (Figure 6.14b). 

Hollow protrusions span a diameter ranging between 500 nm and 1 m (Figure 6.14c-d) and they 

likely form due to a faster rate of water evaporation.  

 

 

Figure 6.14 Hollow structures deposit during the initial stages of polymerization. a-d. Hollow 

one-dimensional PEDOT microstructures are found in a sample that is still wet and typically 

within the first 20 min of polymerization. 
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Subsequently, microfibers and nanofibers nucleate at the edge of a film by protruding out of the 

polymer skin and continue to grow by following a radially inward path (Figure 6.15a-b). 

 

Figure 6.15 Radial inward progression of polymerization. By quenching a reaction during 

nanostructure deposition, the path of polymerization was studied. a. Typically nucleation first 

takes place at the edge. b. Sprouting of structures proceeds to move radially inward towards the 

center of the droplet. 

  

Evaporation continues through the hardened polymer coat and when the pinned droplet is 

depleted of water, the polymer surface folds leading to wrinkled film morphology. During 

evaporation, a hardening process on the surface of a pinned droplet leads to wrinkles when the 

surface layer collapses.
35

 One-dimensional microstructures are present in higher oxidant 

concentration areas such as the edge and wrinkles of a film (Figure 6.16a-c). As a result of 

Deegan flow, the water content at the edge is replenished from the center during polymerization 

thereby resulting in large microstructures characterized by branching. Furthermore, an edge 

microstructure is also coated with nanofibers (Figure 6.17a-d).  

 



124 
 

 

Figure 6.16 Preferential nucleation of microfibers takes place in areas of higher oxidant 

concentration such as the edge and wrinkles of a film. a-c. When microfibers start to appear in 

the polymer surface, nucleation is observed out of a wrinkle. 
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Figure 6.17 A scanning electron micrograph demonstrates that the entire surface of an edge 

microstructure is coated by smaller microstructures. a. Top view of vertically directed edge 

microstructure. b. The surface of a microstructure is coated by a carpet of vertically directed 

smaller one-dimensional anisotropic microstructures. c. Upon closer examination PEDOT 

microplatelets can also be observed. d. PEDOT nanofibers splinter out of a microplatelet. 
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6.10 Morphology of EVPP PEDOT deposited on a glass substrate 

 A disk-shaped freestanding EVPP PEDOT film grown on piranha-etched glass is 

comprised of a wrinkled topography that is homogeneously coated by vertically directed 

nanofibers (Figure 6.18a-c). Nanofibers nucleate out of the polymer skin within the first 35 min 

of polymerization with a diameter of up to 200 nm and a length of up to 1.5 m  (Figure 6.18d); 

allowing polymerization to continue for 45 min results in vertically directed nanofibers 

measuring up to 300 nm in diameter and up to 5 m in length (Figure 6.18e). If the reaction 

continues for longer than 45 min, no appreciable change in morphology is observed. On the other 

hand, changing the substrate to a gold surface results in a high aspect ratio nanofiber with a 

diameter of up to 200 nm and up to 10 m in length (Figure 6.18f); deposition of longer EVPP 

PEDOT nanofibers occurs under a constant contact area mode of evaporation.  

 In a constant contact area evaporation mode where only the contact angle of the droplet 

diminishes,
36

 a droplet's edge remains pinned at the substrate resulting in minimal shrinkage of 

surface area during evaporation. To satisfy this pinning condition, liquid is replenished from the 

center of the droplet during evaporation leading to a higher concentration of oxidant at the edge 

and resulting in a "coffee-ring" morphology.
37

 The edge of an EVPP PEDOT film is 

characterized by a densely packed network of microfibers that are coated with nanofibers; this 

"coffee-ring" morphology covers a centimeter area of a film as shown in Figure 6.18g. An EVPP 

PEDOT film with a coffee-ring morphology has at least a 50% smaller diameter than the oxidant 

droplet because evaporation proceeds by a combination of both pinning and dewetting.  

 



127 
 

 

Figure 6.18 SEM images of EVPP PEDOT nanofibers collected on a glass substrate. a-c. 

Polymer wrinkles coated by vertically directed nanofibers d. Nanofibers nucleation starts at  35 

min. e. Aspect ratio increases with polymerization time and reaches a maximum value by 45 

min. f. Higher aspect ratios are characteristic of EVPP PEDOT nanofibers grown on a gold 

substrate. g. A ring-shaped area located at the edge of a disk-shaped film known as a coffee-ring 

morphology is visible. h. Coffee-ring morphology is comprised of vertically directed one-

dimensional branched microstructures. i. Microstructures are coated with nanofibers.   
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 The coffee-ring morphology is comprised of vertically directed one-dimensional 

microstructures that possess 5 m diameters and lengths of up to 30 m (Figure 6.18h). A close-

up of a microstructure shows the presence of oxidant nanocrystals (Figure 6.19a-b) that serve as 

nucleation sites for the growth of nanofibers (Figure 6.18i). Initially, small one-dimensional 

nanofibers possessing diameters of up to 100 nm and lengths up to 3 microns nucleate out of the 

surface of a microstructure (Figure 6.20a) and as polymerization progresses, these continue to 

grow thereby increasing in aspect ratio (Figure 6.20b).  

 

 

Figure 6.19 The surface of a microstructure typical of coffee-ring morphology contains 

nanocrystals of oxidant that serve as nucleating sites for the growth of nanofibers. 
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Figure 6.20 Nanofibrillar aspect ratio increases with polymerization time. a. Initially the aspect 

ratio of nanofibers coating a microfiber is small. b. As polymerization progresses, this aspect 

ratio increases. 

 

6.11 Effect of substrate surface energy on morphology  

 Control of nanofibrillar morphology during EVPP is achieved by inducing homogeneous 

evaporation of a spherical droplet of oxidant solution thereby drying concentrically inward while 

polymerizing and resting on a hot solid surface. The liquid-solid interactions between a droplet 

and a supporting substrate determine the mode of evaporation, thus affording a process variable 

for controlling deposition of vertically directed nanofibers. The effect of surface energy on 

polymer morphology was investigated using soda lime glass (i.e. a microscope slide) by 

sonicating a substrate in ethanol for 30 min and drying with N2 prior to polymerizing. Deposition 

resulted in a disk-shaped PEDOT film comprised of vertically directed nanofibers with a coffee-

ring morphology. Surface asperities on glass were also investigated by polishing glass with 
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sandpaper (grit 400) resulting in a film comprised of vertically oriented nanofibers with a coffee-

ring morphology. These nanofibers deposit with higher packing densities than on smooth glass 

due to an increased number of pinning events during dewetting. A homogeneous morphology 

results on glass when treated in boiling piranha solution (1:3 30% H2O2 : concentrated H2SO4) 

forming a PEDOT film that lacks the coffee-ring morphology. Piranha etching forces complete 

spreading of an oxidant droplet and during evaporation leads to droplet compression due to 

dewetting. This results in a film of smaller diameter comprised of a homogeneous morphology of 

vertically directed nanofibers. Synthetic conditions in EVPP such as high temperature, 

chlorobenzene atmosphere, and formation of a PEDOT skin on the droplet surface during 

evaporation, make pinning on a glass substrate difficult to control.  

 Other substrates were also investigated such as indium tin oxide coated glass (ITO glass), 

silicon dioxide, quartz, borosilicate glass, highly oriented pyrolytic graphite (HOPG), silicon, 

and tin. All substrates were washed in ethanol and all except for nickel resulted in vertically 

directed nanofibers with coffee ring morphologies. Nanofibers grown on Si <100> have the 

highest packing density followed by ITO glass, while dewetting on HOPG led to aligned 

wrinkles. The crystallinity of Si, as well as the surface asperities from ITO deposition and the 

periodic lamellar structure of HOPG, induce pinning and the deposition of a high packing 

density of nanofibers. Although potentially attractive for its electronic properties, a high packing 

density of nanofibers is difficult to control due to dewetting on these substrates. Furthermore, the 

strong oxidizing nature of iron(III) chloride requires a substrate that is unreactive as 

demonstrated by the lack of polymerization on tin.  
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 These limitations were overcome by utilizing a gold substrate because it affords a 

constant contact area mode of evaporation for the formation of a large disk-shaped film 

comprised of a homogeneous topography of nanofibers (Figure 6.6). When an aqueous droplet of 

iron(III) chloride was placed on a flat gold surface at room temperature, etching of the coinage 

metal occurred and led to the formation of Au(I) species in solution.
43

 Pinning results from the 

formation of solutes during a chemical reaction between an evaporating droplet and a gold 

surface;
44

 the accumulation of solids during evaporation perpetuates such anchoring.
38

 The 

pinning is likely induced by iron(III) chloride microcrystals present at the interface between 

droplet and substrate, and also by oxidized Au(I) species. 

 

6.12 Effect of substrate shape on morphology  

 In order to investigate the effect of substrate geometry in EVPP, the oxidant solution was 

placed at the bottom of a 20 mL glass scintillation vial (Figure 6.21a-b); during evaporation 

pinning occurred at the junction between the wall and the bottom (Figure 6.21c-d) thereby 

resulting in the deposition of a ring-shaped mass of EVPP PEDOT (Figure 6.21e) with a sheet 

resistance of 30 /square.  

 

Figure 6.21 Protocol for growing the sea anemone-like PEDOT using a common Petri dish. 
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 PEDOT grown inside a vial results in a film that is wedged between two orthogonal 

surfaces (wall and bottom of vial) and characterized by a wrinkled topography that is coated with 

vertically directed low aspect ratio nanofibers (Figure 6.22a-c). An EVPP PEDOT nanofiber 

(Figure 6.22c) resembles a sea anemone (inset). The evolution of morphology was monitored by 

quenching a reaction at different times and Figure 6.22d shows an initial surface morphology at 

20 min characterized by bumpy protrusions that by 25 min evolved into more defined one-

dimensional nanostructures (Figure 6.22e). Fully developed sea anemone-like PEDOT 

nanofibers (Figure 6.22f) deposit by 45 min. A ring-shaped film of EVPP PEDOT is also 

characterized by an edge morphology that is comprised of a high packing density of highly 

branched microstructures (Figure 6.22g-i). The geometry of a substrate influences the mode of 

evaporation of an aqueous droplet; an evaporating droplet contacting two planar solid surfaces 

experiences capillary forces as well as both surface tension and pinning.  
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Figure 6.22 SEM images of EVPP sea anemone-like PEDOT nanofibers. a-c. Polymer wrinkles 

are coated by vertically directed low-aspect ratio nanofibers. d. Initially, at 20 min of reaction 

time, only bumpy protrusions coat the surface. e. One-dimensional nanostructures are observed 

at 25 min. f. By 45 min well separated low aspect ratio nanofibers are observed. g-h. The edge of 

a sea anemone-like PEDOT film is also characterized by a ring-morphology comprised of a 

densely packed network of branching one-dimensional microstructures. i. These edge 

microstructures are coated by smaller sized low aspect ratio protrusions.  
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 The spectroscopic properties of an EVPP PEDOT film were investigated by a battery of 

methodologies, amongst them, Raman spectroscopy (excitation wavelength 676 nm) was utilize 

to compare a non-washed, methanol-washed, and a reduced sample; the spectra are shown in 

black, green and red, respectively (Figure 6.23). All samples exhibit a strong absorption in the 

1423 cm
-1

 region that is characteristic of symmetric C=C(-O) stretching and indicative of a 

high level of oxidation in the PEDOT structure.
8
 Broadening of the 1501 cm

-1
 asymmetric C=C 

stretching mode is characteristic of a VPP PEDOT film after washing with alcohol.
23

 A band 

arising from the C-C stretch shows up at 1365 cm
-1

 and the inter-ring stretch appears at 1264 

cm
-1

 in accordance with the expected chemical structure of PEDOT. The oxyethylene ring 

deformation peak present at 990 cm
-1

 and the C-C' inter-ring stretch at 1257 cm
-1 

are 

characteristic of PEDOT.
24

 After base treatment using ammonium hydroxide vapors, Raman 

bands exhibit a change in shape and position indicating a change in chemical structure. Red-

shifting of the peak at 1423 cm
-1

 is due to a transformation of the resonance form of PEDOT 

from a benzoid structure to a quinoid structure.
24

 

 

Figure 6.23 Raman spectroscopy shows unpurified EVPP PEDOT (black line) washed in 

methanol (green line) and exposed to ammonium hydroxide vapors (red line).  
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 Structural analysis was carried out using powder X-ray diffraction (XRD) and the 

diffraction pattern of EVPP PEDOT is shown in Figure 6.24. Two characteristic peaks are 

observed, the peak associated with the (100) spacing is the inter-chain distance between layers of 

pi-stacked chains, ranging between 1.33 and 1.39 nm for Cl
-
 doped PEDOT, and is centered at 

6.7 degrees 2. The peak at 26.7 degrees 2 is due to the face-to-face packing distance between 

chains and is in the 0.3-0.4 nm range.
28,45

 The Fourier-transform infrared spectrum shows a peak 

at 1572 cm
-1

 for C=C that is characteristic of conjugation in VPP PEDOT and of highly 

conductive materials
23

 (Figure 6.25).  Energy dispersive spectroscopy demonstrates that iron 

remains present in a methanol washed sample (Figure 6.26; red line); however, when the sample 

is treated with acid, the concentration of the metal becomes undetectable (Figure 6.26; black 

line).   

 

 

Figure 6.24 X-ray diffraction pattern of EVPP PEDOT shows an intense (100) peak due to 

preferential orientation of the polymer chains on a gold substrate. 
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Figure 6.25 Characteristic Fourier-transform infrared-spectroscopy finger print pattern of vapor-

phase PEDOT shows doping peaks. 

 

 

 

Figure 6.26 Energy dispersive X-ray spectroscopy demonstrates the lack of iron in a sample 

after being washed in acid (black line). 
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 The surface chemical composition of EVPP PEDOT was determined using X-ray 

photoelectron spectroscopy (XPS); a sample was washed in 3 M HCl, methanol and kept dried 

prior to analysis. Characteristic bonding in the O 1s region (Figure 6.27a) associated with the 

dioxane ring appeared at 533.16 eV and is assigned to the oxygen-ether group (C-O-C); the peak 

at 531.73 eV (C-O) is characteristic of PEDOT in the doped state.
17

 The spin-sulfur coupling 

(Figure 6.27b), S 2p3/2 (163 eV) and S 2p1/2 (165 eV) was also present.
28

 An EVPP PEDOT film 

contains a negligible amount of iron and possesses a Cl/S ratio of 0.2 due to the counter-anion 

Cl
-
 that is present in the doped state.

3
 The atomic concentrations shown in Figure 6.27c 

demonstrate that the C/S ratio is 6.4 which is typical for VPP PEDOT
9
 and in close agreement  

with the theoretical value of 6. This small discrepancy may be the result of some adventitious 

hydrocarbon contamination. 

 

 

Figure 6.27 X-ray photoelectron spectroscopy shows the expected atomic composition of 

PEDOT.  
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6.13 Conclusions 

 Combining evaporation of a droplet on a solid surface with polymerization from the 

vapor phase serves as a simple and reproducible method for inducing nucleation and 

nanofibrillar growth. Control of droplet evaporation is necessary in order to take advantage of 

self-assembly processes such as surface tension and temperature gradients as well as capillary 

forces. These phenomena induce directional fluid flow and are synergistic with polymerization 

because by pinning a droplet, compression is stifled and a large surface area is coated with 

nanofibers. The droplet/substrate interactions make nanofibrillar growth possible; however, both 

pinning and dewetting are in competition on a glass surface and make synthetic reproducibility 

challenging. This limitation is overcome by using a gold substrate because this inert crystalline 

surface leads only to pinning and high aspect ratio nanofibrillar growth over the entire droplet 

surface. A network of nanofibers deposits 100% of the time, covers the entire oxidant droplet, 

and possesses a sheet resistance as low as 5 /square. EVPP PEDOT deposits as a freestanding 

film comprised of vertically directed nanofibers that possesses superior electrical properties 

when compared to pre-electrospun templated materials. Furthermore, EVPP PEDOT is a direct 

route to nanofibrillar architectures resulting in homogeneous deposition of a conductive 

nanofibrillar network without the need for a templating scaffold. This work advances the field by 

demonstrating new nanoscale PEDOT architectures from the vapor phase, a direct route to high 

aspect ratio nanofibers, and a wet chemical vapor deposition technique that takes advantage of 

the self-assembly mechanisms present in an evaporating droplet. 
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