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ABSTRACT OF THE DISSERTATION 

 

 

An Oligomer Approach for Advancing the Field of Organic 

Electronics 

By 

Yue Wang 

Doctor of Philosophy in Chemistry 

University of California, Los Angeles, 2014 

Professor Richard B. Kaner, Chair 

 

 The rapid development of synthetic conjugated materials has enabled organic electronic 

devices such as solar cells, field-effect transistors and sensors to rival their inorganic 

counterparts in performance at significantly lower cost. Conducting polymers such as polyaniline 

constitute an important class of such materials, but their properties are difficult to study due to 

polydispersity, complex chain conformations and lack of solubility. In particular, assembling 

conducting polymers into highly crystalline domains similar to that of small molecule 

(semi)conductors has proven to be challenging, which has limited their integration into electronic 

devices that require high carrier mobility and stability such as organic field-effect transistors and 

solar cells. On the other hand, oligomers represent a unique middle ground between conducting 
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polymers and molecular (semi)conductors because oligomers (e.g. oligoanilines) retain the 

chemical properties of the parent polymer, while also possessing properties typically associated 

with molecular (semi)conductors especially in regard to monodispersity and self-assembly. In 

this thesis, an oligomer approach for advancing the field of conducting polymers is presented. A 

myriad of conjugated oligomers are examined as the more structurally rigid, pure, and soluble 

model systems to tackle important challenges in this field. This approach has opened new 

opportunities for (1) understanding the fundamental packing, transport, and self-assembly 

properties for polymers; (2) the rational design of high performance conducting polymers by 

analyzing the oligomer building blocks; (3) realizing the long-sought solution-based bottom-up 

growth for vertically oriented arrays of organic single crystals; and (4) deciphering the role of 

oligomers in improving the crystallinity of the parent polymers. The advancement of knowledge 

in these fields has also allowed us to create high performance hybrid solar cells, complex 

core/shell nanostructures, and microcontact printing methods with nanoscale resolution.  
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Chapter 1. Applications of oligomers for nanostructures conducting polymers 

 

 This chapter provides an overview of the distinctive nanostructures that aniline oligomers 

form and the applications of these oligomers for shaping the nanoscale morphologies and 

chirality of conducting polymers. We focus on the synthetic methods for achieving such goals 

and highlight the underlying mechanisms. The clear advantages of each method and their 

possible drawbacks are discussed. Assembly and applications of these novel organic 

(semi)conducting nanomaterials are also outlined.  We conclude this article with our perspective 

on the main challenges, new opportunities, and future directions for this nascent yet vibrant field 

of research. 

 

1.1 Introduction  

Since their discovery, conducting polymers have been extensively studied and show great 

promise in a variety of applications such as light emitting diodes, chemical sensors, 

photovoltaics, batteries, and supercapacitors.1 Among the family of conducting polymers, 

polyaniline has attracted considerable interest because of its stability and unique acid-base 

doping-dedoping chemistry.1-2  Polyaniline nanostructures, especially 1-D morphologies such as 

nanofibers, nanorods, nanowires, and nanotubes have been a particularly attractive class of 

materials. 2b-e   

There are many different routes to synthesize nanostructured polyaniline.  Aside from 

physical routes to nanofibers such as electrospinning3 and mechanical stretching,4 1-D 



2 
	  

nanostructures can be synthesized with the assistance of hard-templates that contain nanoscale 

pores such as zeolites, anodized aluminum oxide (AAO), and diblock copolymer templates.5  

Soluble soft templates such as surfactants or bulky dopant acids that self-assemble into micelles 

can also orchestrate the growth of 1-D polymeric nanostructures.6  Additional methods to 

produce these structures include nanowire seeding(7) and the use of biotemplates.8  Beside all 

these approaches that involve additives that are not inherent to the polymer, nanofibers of 

polyaniline have been produced without any templates or external structural-directing agents.9  

This process involves the spontaneous formation of polyaniline nanofibers by exploiting the 

intrinsic nature of polyaniline to form anisotropic structures by carefully tuning the 

polymerization conditions. These methods include interfacial polymerization,9a, 9b dilute 

polymerization of aniline,9c-e rapid mixing of monomer and oxidant,(9f) and sonochemical and 

radiolytic-assisted syntheses.9g, 9h Nanostructures produced by these routes are easy to purify and 

scalable, which eliminates the need for external reagents that are not inherent to the polymer. 1-

D nanostructures of polyaniline produced via template-free methods have been used in several 

applications such as sensors and generally exhibit superior performance compared to those that 

use their conventional bulk counterparts.10   

Compared to the parent polymer, oligomers of aniline have received far less attention.  

Reports on aniline oligomers focus mainly on organic synthetic routes to an oligomeric material 

possessing a bulk, granular morphology.11 Furthermore, their properties are generally studied 

experimentally and theoretically to serve as model compounds for polyaniline.12 Despite the 

rapid developments in nanostructured polyaniline, little effort has been invested in investigating 

oligoaniline nanostructures. This is especially surprising considering the success that thiophene 

oligomers have had both as a useful functional material and as a promising nanomaterial.13  Both 
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bulk and nanostructured oligothiophenes such as sexithiophene and its derivatives have been 

studied as independent organic semiconductors and have led to many novel, high performance 

devices.13d-i  

Recently, aniline oligomers have finally been brought into the context of nanoscience and 

quickly made an impact on two areas of nanostructured organic conductive materials.14 To date, 

several reports exist on the role of oligoanilines in guiding the shape of polyaniline 

nanostructures14a-h and only a few reports exist on the independent investigation of oligoaniline 

nanostructures.14i-k For example, aniline oligomers can serve as intrinsic additives that can 

effectively orchestrate the nanostructures of the parent polymers in simple template-free 

polymerizations.14a-f As an independent class of organic nanostructured (semi)conductors like the 

oligothiophenes, several recent studies have demonstrated their syntheses.14i-k  Reexamination of 

structure-property relationships at the nano-level reveals that they exhibit many intriguing 

properties and have advantages over the parent polymer in a number of ways. In this section, we 

discuss the developments in this nascent branch of nanostructured organic (semi)conductors and 

provide an outlook on the enormous amount of untapped opportunities.   

 

1.2 Oligomers as Additives to Polymerizations 

Oligomers of aniline have been investigated as an additive in the electrochemical 

polymerization of aniline almost 20 years before the recent interest in nanoscience research.13i, 15 

Past kinetic studies have shown that the rate-determining step in the initial oxidation of aniline is 

the generation of dimeric species such as p-aminodiphenylamine (aniline dimer), N,N’-

diphenylhydrazine, and benzidine.16 Wei et al. appear to be the first group to intentionally 
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introduce a small amount of aniline oligomers into the electrochemical polymerization of 

aniline.13i  The result, as they anticipated, is a greatly enhanced reaction rate.  This suggests that 

the lower oxidation potential of selected additives could allow them to serve as reaction initiation 

centers, thus bypassing the usual rate-determining step of monomer coupling to dimer.  

However, when additives such as N,N’-diphenylamine or hydroquinone, which also have a lower 

oxidation potential than aniline, are used in the system, the rate of polymerization is reduced.  

Thus, in addition to the lower oxidation potential, the additives also need to have at least one 

sterically accessible aromatic amino group that can enable them to be incorporated into the 

polymer chain as part of the backbone.  This catalytic effect also applies to the polymerization of 

aniline derivatives such as o-toluidine, m-toluidine, and o-ethylaniline when approximately 1% 

of aniline dimer or p-phenylenediamine is introduced into the reaction mixture.15a  Furthermore, 

the molecular structure and conductivity of the resulting polymer exhibits no apparent difference 

from that synthesized without any oligomeric additives. This self-catalytic phenomenon is also 

observed for other conducting polymers including the poly(3-alkylthiophenes) when a thiophene 

oligomer such as 2,2’-bithiophene (thiophene dimer) or 2,2’:5’,2”-terthiophene (thiophene 

trimer) is included in the reaction medium.15b   

 

1.2.1 Rapidly mixed reactions  

 Before exploring the role of oligomer additives in producing nanostructured polyaniline, 

we briefly review templateless routes to polyaniline nanofibers such as the rapid mixing of 

monomer and oxidant.9f In this process, monomer and oxidant solutions are simply mixed 

rapidly to suppress secondary growth of nanofibers that eventually leads to micron sized, 

agglomerated particles. It has been suggested that polyaniline predominately forms nanofibers 
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when aniline is polymerized under conditions that promote homogeneous nucleation.17  

However, when aniline is polymerized under heterogeneous nucleation conditions, agglomerated 

morphologies are observed.  Despite the advantages of this and other template-free methods, the 

resulting nanofibers often possess a low aspect ratio, are entangled, and form an interconnected 

porous film on drying.  This material, although suitable for applications that require high surface 

area, is problematic when post-synthetic assembly or fabrication of single fiber devices is 

desired.  In addition, template-free routes to nanofibers appear to be exclusive to polyaniline.  

Derivatives of polyaniline and most of other conducting polymers fail to form 1-D 

nanostructures under similar or identical conditions.  Much effort has been devoted to studying 

the formation mechanism of this process for elucidating the underlying mechanism which would 

allow ways to extend this simple process to other conducting polymers.2d, 9, 14i, 18   

 

1.2.2 Polyaniline nanofibers synthesized with an oligomeric additive 

Previous studies indicate that minute amounts of a selected aniline oligomer as an 

additive can enhance the rate of polymer chain formation.13i, 15a Therefore, it was reasoned that 

introducing an oligoaniline additive into a rapidly mixed reaction could promote homogeneous 

nucleation by accelerating the rate of polymerization which would thereby produce high aspect 

ratio 1-D nanostructures.14a Indeed, experiments confirm that 1-D nanostructures that are longer 

and less entangled than what is typically observed form when a catalytic amount of aniline dimer 

or other structurally similar additives like p-phenylenediamine are intentionally introduced into a 

standard rapidly mixed reaction (Figure 1.1).14a  In a typical reaction, 1-2 mol % of the selected 

aniline oligomer is dissolved in a minimal amount of methanol.  This solution is then added to 



6 
	  

the aniline monomer in a 1.0 M HCl aqueous solution.  The mixture is rapidly mixed with an 

oxidant solution and left undisturbed for 1 day for the reaction to proceed.  The final product is 

purified by dialysis, centrifugation, or filtration to remove the excess acid and byproducts of the 

oxidant.  No special purification steps are required to obtain pure polyaniline nanofibers because 

the oligomeric additives are incorporated into the polymer backbone.   

 

Figure 1.1. SEM images of polyaniline nanofibers synthesized (a) without any additives, (b) 

with p-phenylenediamine, and (c) with aniline dimer. Scale bars = 1 µm.  Adapted with 

permission from (14a).  Copyright 2008, American Chemical Society.   

 

Open-circuit potential (OCP) has been widely used to study the kinetics of oxidative 

chemical polymerizations.19  The OCP of polyaniline and its derivatives typically contains three 

regions: a short induction period (t1), the formation of the pernigraniline oxidation state (t2), and 

finally a rapid decay in potential characteristic of reduction of pernigraniline to the emeraldine 

oxidation state (t3). Therefore a shorter t1 + t2 time represents a faster polymerization rate.  When 

a small amount of aniline dimer or p-phenylenediamine is added to the polymerization of aniline, 

the t1 + t2 time in OCP is significantly reduced, indicating a substantial increase in 

polymerization rate.  This enhancement in reaction rate appears to be the most important factor 
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that leads to the change in morphology from an entangled mat of nanofibers without oligomers to 

the longer, less entangled nanowires with an oligomeric additive. According to classical 

nucleation theory, homogeneous nucleation is achieved in aqueous solutions by creating 

sufficiently high levels of supersaturation. When the degree of supersaturation increases to a 

critical value, the activation energy becomes sufficiently low that spontaneous and rapid 

nucleation can occur.  In other words, when the nucleus of the stable phase reaches a critical size, 

growth can occur if the surroundings of the nuclei are sufficiently supersaturated. With the 

addition of an oligomeric initiator such as the aniline dimer to the aniline polymerization 

medium, supersaturation is quickly achieved, thereby greatly enhancing the polymerization rate.  

Therefore, homogeneous nucleation dominates, while diffusion to heterogeneous nucleation 

centers is limited, leading to nanofiber formation. The homogeneous nucleation mode is also 

evident from simply examining the container side walls.  For polymerization with an oligomeric 

promoter, the container side walls are clear, indicating the growing polymer chain did not diffuse 

to heterogeneous nucleation sites such as the container wall.  On the other hand, a thin film of 

polyaniline covers the sidewalls and any other exposed surfaces in control reactions where an 

additive was not used.  The fibrillar morphology can be further explained by the intermolecular 

oligomeric nucleation pathway: the aniline oligomeric additives rapidly create a high oligomer 

concentration in the formative stages of the reaction and form semi-ordered regions that serve as 

embryonic nuclei for further polymerization, leading to the observed anisotropic growth.  In 

addition, the ratio of monomer to additive is critical for obtaining the observed longer and less 

entangled nanofibrillar morphology. Too high a ratio results in nanofibers that are 

indistinguishable from those formed without any additives, while too low a ratio results in a 

smooth, film-like morphology.   
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 No apparent differences in redox properties and oxidation states are observed for the 

oligomer-initiated polyaniline nanofibers compared to conventional polyaniline nanofibers as 

supported by cyclic voltammetry (CV) and UV-vis data.  However, including an oligomeric 

additive in the aniline polymerization reaction has a profound effect on the molecular weight of 

the resulting polyaniline nanofibers.  Gel permeation chromatography (GPC) studies reveal that 

the molecular weight distribution and polydispersity index (PDI) of the oligomer-initiated 

polyaniline is lower than what is typically observed without the addition of an oligomeric 

initiator (Table 1.1).   

 

Table 1.1. Summary of Weight-Average Molecular Weight (Mw), Number-Average Molecular 

Weight (Mn), and Polydispersity Index (PDI = Mw/Mn) of Conventional Polyaniline Nanofibers, 

Polyaniline Nanofibers Synthesized with the Addition of Aniline Dimer, and Selected 

Substituted Polyaniline Nanofibers Synthesized with the Aniline Dimer 

Polymer Mw Mn PDI 

Polyaniline 22,000 8,300 2.6 

Polyaniline with  
aniline dimer 

8,200 5,300 1.5 

Polyethylaniline 7,800 4,200 1.7 

Poly-N-ethylaniline 5,300 2,900 1.8 

Polyanisidine 14,400 6,300 2.3 

Polychloroaniline 7,100 2,800 2.5 
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 Aniline oligomers can also assist in the formation of chiral polyaniline nanofibers.14b  

Chiral polyaniline and its derivatives are of considerable interest because of their potential 

applications in chiral separations, surface-modified electrodes, and chemical and biological 

sensors.20 Conventional approaches for producing chiral polyaniline include co-dissolving 

polyaniline and a chiral acid in a solvent or polymerizing aniline in the presence of a chiral 

acid.20b, 21 Unfortunately, polyaniline from these routes suffer from low chirality and are 

generally not satisfactory for applications.  In addition, most such reported routes yield 

conventional bulk polyaniline; therefore, the surface area is not sufficiently high for tasks such as 

efficient chemical separations of enantiomers.   

 Wang et al. found that there are three key factors in synthesizing nanofibers of 

polyaniline with high chirality.14b  First, the polymerization needs to be carried out in a solution 

containing a high concentration of an enantiomer of camphorsulfonic acid (CSA).  The high 

concentration of (+)-CSA or (–)-CSA ensures the close proximity of polyaniline chains and the 

chiral doping acid anions and lessens the interaction of aniline and the achiral sulfate ions that 

are generated from the decomposition of the oxidant, ammonium persulfate.  Second, the oxidant 

needs to be added incrementally to the aniline monomer solution as adding the ammonium 

persulfate all at once causes overheating of the solution and promotes competing interactions of 

sulfate anions with aniline monomers and the growing polymer chains, which in turn decreases 

the chirality of the final polymer.  Third, an aniline oligomer needs to be added to accelerate the 

polymerization rate. The authors found that polyaniline nanofibers synthesized with an 

oligomeric additive and incremental addition of oxidant exhibit chirality five orders of 

magnitude higher than those produced without any oligomers and adding the oxidant all at once.  

Oligomers that can promote chiral polyaniline nanofiber formation include p-phenylenediamine, 
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aniline dimer, aniline trimer, amine-capped aniline trimer, and amine-capped aniline heptamer.  

All of those oligomeric additives satisfy the aforementioned required properties and structure for 

being a polymerization accelerant. Specifically, (1) they have a lower oxidation potential than 

the aniline monomer; (2) they have at least one sterically accessible amino group for the 

oligomer to act as the initiation center for polymerization, and (3) they are ultimately 

incorporated into the polymer as part of the backbone.   

 Polyaniline nanofibers produced following these three criteria have twists and are 

generally entangled with diameters ranging from 20 to 40 nm with lengths up to several microns 

(Figure 1.2).  Similar to achiral polyaniline nanofibers synthesized without a template, the chiral 

nanofibers form a highly porous thin film upon drop-casting.  UV-vis and circular dichroism 

(CD) spectra of the as-synthesized chiral polyaniline nanofibers reveal that they have an 

anisotropy factor of 2.3 × 10-2, the highest reported so far for polyaniline.  The strong mirror 

image of the CD spectrum also indicates that these chiral nanofibers could be enantioselective 

(Figure 1.2). Furthermore, UV-vis and conductivity measurements reveal that the chiral 

polyaniline nanofibers are structurally identical to conventional polyaniline.   
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Figure 1.2. TEM images of (a) a network of chiral polyaniline nanofibers, and (b) a magnified 

view of a fiber bundle. (c) UV-vis and (d) CD spectra of the as-synthesized chiral polyaniline 

nanofibers.  Adapted with permission from (14b).  Copyright 2004, American Chemical Society.   

 

1.2.3 1-D nanostructures of polyaniline derivatives 

 Polyaniline derivatives have several potential advantages over the parent polymer despite 

their often reduced conductivity. First, several polyaniline derivatives exhibit improved 

dispersability in organic solvents.22  Second, certain derivatives have higher resistance against 

microbial and chemical degradation.23  Third, the wide selection of functional groups among the 

polyaniline derivatives renders them attractive candidates for the active layer in chemical sensing 

devices.  However, unlike the parent polymer, there are few reports of synthetic routes to 1-D 

nanostructures for polyaniline derivatives.  This may be attributed to the fact that many methods 

for producing polyaniline nanofibers are not applicable to polyaniline derivatives.  Rather, they 

c	   d	  
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only lead to agglomerates or nanofibers of poor quality. This is likely due to the slower 

polymerization rate of substituted aniline caused by both steric and electronic effects.  

Examination of conventional polymerization of a polyaniline derivative such as poly(o-

toluidine), revealed that only spherical agglomerates formed during the early stages of 

polymerization and no fibrillar morphologies were observed at any point.14d  These experiments 

suggest that, unlike the parent polymer, fibrillar structures may not be intrinsic to substituted 

polyanilines.  Thus, nucleation sites that can promote anisotropic growth must be intentionally 

introduced.   

 Our work indicated that when 1-2 mol % of a selected aniline oligomer such as the 

aniline dimer or p-phenylenediamine was added to a typical rapidly mixed polymerization of an 

aniline derivative, the resulting polymer was comprised of high quality nanofibers reminiscence 

of the parent polymer (Figure 1.3).14d, 14e Monomers that can be polymerized into polymer 

nanofibers with this method include alkyl-substituted anilines such as 2-ethylaniline, 3-

ethylaniline, o-toluidine, m-toluidine, and 2-propylaniline, halogenated anilines like 2-

fluoroaniline, 3-fluoroaniline, 2-chloroaniline, 3-chloroaniline, amine-alkylated N-methylaniline 

and N-ethylaniline, and o-anisidine, 2-methylthioaniline, and 2,3-dimethylaniline. Nanofibers are 

the dominant morphology observed under such polymerization conditions.   
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Figure 1.3. SEM images of nanofibers of (a) polychloroaniline, (b) polyethylaniline, (c) poly-N-

ethylaniline, and (d) polyanisidine synthesized with the addition of an oligomeric additive.  

Insets are SEM images of the corresponding control reactions performed in the absence of 

additives.  Scale bars = 100 nm.  Adapted with permission from (14d).  Copyright 2008, 

American Chemical Society.   

 

As with the polymerization of the parent polymer, an accelerated reaction rate plays a key 

role in orchestrating 1-D nanostructure formation for polyaniline derivatives. When the 

oligomeric initiator is added to the polymerization of the aniline derivative, the polyaniline 

derivative precipitates out of solution within seconds as opposed to hours or days for reactions 

carried out without any additives.  OCP of the polymerization of an aniline derivative such as 

anisidine with an appropriate oligomeric additive such as the p-aniline dimer confirms the 

increased polymerization rate.  A significantly lower t1 + t2 value is observed as compared to the 
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reaction performed without the initiator present. The accelerated reaction rate leads to 

homogeneous nucleation that results in nanofiber formation for aniline derivatives.   

 CV and UV-vis of the substituted polyaniline nanofibers indicate that they do not differ 

significantly in molecular structure and oxidation state from their conventional counterparts.  

Hence, the oligomeric additives do not simply homopolymerize, but indeed serve as an initiator 

for the polymerization of the derivative monomer.  As with the parent polymer, the molecular 

weight distribution and PDI are significantly lower than their conventionally synthesized 

counterparts.  The weight-average molecular weight (Mw), number-average molecular weight 

(Mn), and PDI of selected substituted polyaniline nanofibers are summarized in Table 1.1.  It is 

likely that the oligomeric initiators serve as homogeneous growth centers for polymer chains, 

thus allowing polymer growth simultaneously throughout the solution in similar environments, 

which in turn lowers the PDI. It is also possible that a lower PDI may assist in nanofiber 

formation as it is known that a more uniform polymer distribution is advantageous for 

supramolecular, interchain packing of polymer chains.   

 An interesting phenomenon for the polymerization of aniline derivatives into nanofibers 

is that certain additives appear to be more selective towards certain monomers.  For instance, 

using aniline dimer as the initiator in the o-anisidine polymerization leads to uniform nanofibers, 

while only agglomerates are obtained in the presence of p-phenylenediamine.  On the other hand, 

the effect is reversed for poly(2-ethylaniline), while nanofibers form for most polyaniline 

derivatives regardless of the additive used.  Thus, the selection of the oligomeric promoter can 

play a crucial role in the synthesis of nanofibers for some derivatives.  This phenomenon has not 

yet been clearly explained and remains under study. 
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 Among all the substituted aniline monomers that have been polymerized into polymer 

nanofibers, poly(o-anisidine) is unique because with a slight modification of the reaction 

procedure, aligned bundles of polyanisidine nanowires can be obtained.14f   

 For the polymerization of o-anisidine with the addition of 1-2 mol % of aniline dimer, 

uniform nanofibers are obtained just like with other substituted polyanilines.  However, when the 

reaction time is extended to 3 days instead of the typical 1 day, aligned bundles of non-

entangled, non-woven, and high aspect-ratio nanowires are produced.  This so far has only been 

observed for poly(o-anisidine), but not for other substituted polyanilines.  The nanowires in these 

aligned bundles are up to several microns long with diameters between 30-100 nm (Figure 1.4).  

UV-vis, CV, and FT-IR confirm that the resulting polymer is polyanisidine and the molecular 

structure and oxidation state does not vary significantly from its conventional counterpart.  4,4’-

diaminodiphenylamine (amine-capped aniline dimer) can also be used as the oligomeric additive.  

Note that this promoter shares the same characteristics with aniline dimer as it has a lower 

oxidation potential than the monomer and a sterically accessible amino group that enables it to 

be incorporated into the polymer backbone.   



16 
	  

 

Figure 1.4. SEM images of (a) oriented bundles of polyanisidine nanowires, (b) a closer view of 

(a), (c) nanowires of poly(N-methyl-1,2-diamine), and (d) nanostructured poly(2-

methylthioaniline) nanofibers.  Adapted with permission from (14f).  Copyright 2009, American 

Chemical Society.   

 

The extra reaction time for the polymerization of o-anisidine appears to be the key factor 

facilitating more ordered molecular stacking and growth along the fibers’ long axis.  However, it 

is interesting to ask why this alters the nanostructure of poly(o-anisidine), but not of any of the 

other aniline derivatives tested. The answer may partially be explained by examining the position 

and type of the substituent on the monomer.  It is likely that the methoxy moiety in poly(o-

anisidine) can provide additional non-covalent intermolecular interactions such as hydrogen 

bonding, which has been demonstrated to be important in modulating supramolecular 

assembly.24 Furthermore, when two structurally similar aniline derivatives, N-methyl-1,2-
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diamine and 2-methylthioaniline, in which the oxygen in o-anisidine is replaced by nitrogen and 

sulfur, respectively, are polymerized under identical conditions, long and non-entangled 

nanowires form for poly(N-methyl-1,2-diamine) and exhibit some degree of alignment.  On the 

other hand, only short, entangled, and randomly oriented nanofibers are observed for the poly(2-

methylthioaniline) sample (Figure 1.4). The results further emphasize the importance of 

extensive hydrogen bonding in shaping the nanostructure of the polymers: the nitrogen atom in 

poly(N-methyl-1,2-diamine) can also form strong hydrogen bonds with the protonated backbone 

nitrogens similar to poly(o-anisidine), while the lower propensity of the sulfur atom in poly(2-

methylthioaniline) to form hydrogen bonds results in the typical nanofibrillar morphology of the 

final polymer.   

Oriented 1-D nanostructures are highly desirable as they can promote directional carrier 

transport in devices and may be crucial for commercial applications.  However, compared to the 

nanofibrillar portion of the sample, the aligned nanowire bundles of poly(o-anisidine) consist of 

only a small part of the final polymer. Effectively separating the two morphologies and 

incorporating pure oriented nanowires into devices is still a challenge.  Therefore, the interesting 

observations reported in this study should be considered as a starting point for the rational design 

of molecular structures to achieve more functionality and unique properties.   

 

1.2.4 Other conducting polymers 

The general approach of incorporating minute amounts of an oligomeric additive into the 

polymerization of aniline and substituted anilines can be extended in order to produce 1-D 

nanostructures of other conducting polymers such as polypyrrole and polythiophene. Most 
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reports on template-free routes to nanofibers of conducting polymers have been limited to 

polyaniline. Unlike polyaniline, the 1-D nanofibrillar morphology does not appear to be 

“intrinsic” to other conducting polymers and, as a result, when template-free techniques used for 

polyaniline nanofibers are applied to polythiophene or polypyrrole, only micron-sized, 

agglomerated particles are produced.  Like polyaniline derivatives, the lack of anisotropic growth 

of conventional polypyrrole and polythiophene particles suggests that anisotropic growth leading 

to 1-D nanostructures must be induced.  With the aid of small amounts of their oligomers, such 

as bipyrrole and terthiophene for the polymerizations of pyrrole and thiophene, respectively, high 

quality nanofibers of the resulting conducting polymer can now be produced.14a, 14c The 

mechanism of nanofiber formation for polypyrrole and polythiophene nanofibers may be similar 

to that of polyaniline nanofibers.  Like the aniline system, the addition of thiophene or pyrrole 

oligomers into the polymerization of thiophene or pyrrole enhances the polymerization rate and 

promotes homogeneous nucleation which, in turn, orchestrates polypyrrole and polythiophene 

nanofiber formation.  Polypyrrole nanofibers possess a morphology with an average diameter of 

20 nm and extend up to several microns in length (Figure 1.5), while nanofibers of 

polythiophene exhibit a 50 nm average diameter with similar length (Figure 1.6).   
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Figure 1.5. SEM images of polypyrrole synthesized (a) without any additives and (b) with 

bipyrrole.  Scale bars = 1 µm.  Adapted with permission from (14a).  Copyright 2008, American 

Chemical Society.   

 

 

Figure 1.6. SEM images of polythiophene synthesized (a) without any oligomer additives, (b) 

with the addition of terthiophene, and (c) with the addition of sexithiophene.  Scale bars = 1 µm.  

Adapted with permission from (14a).  Copyright 2008, American Chemical Society.   

 

The addition of different oligomers into the polymerization of thiophene also has a 

profound effect on its morphology.  For instance, when a catalytic amount of sexithiophene is 

incorporated into the polymerization of thiophene, the resulting nanofibers possess a larger 

diameter of 90 nm and are less entangled and longer than nanofibers produced with terthiophene 

as the additive (Figure 1.6).  This is consistent with the proposed model for nanofiber formation 

for polyaniline because as the length of the oligomeric promoter increases, a larger and more 

ordered nuclei may form, which leads to polymer nanofibers with larger diameters.   
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The success of producing polypyrrole and polythiophene 1-D nanofibers, in addition to 

nanofibers for polyaniline derivatives, demonstrates that oligomeric additives can be a general 

and versatile promoter for anisotropic growth of the corresponding parent polymer.  

Furthermore, the oligomeric initiators become incorporated as part of the polymer backbone, 

which eliminates any post-synthetic purification steps.  This approach may be applicable to a 

wide variety of semi-rigid rod precipitation polymerizations, including derivatives of polypyrrole 

and polythiophene and other conducting polymers.   

 

1.2.5 Polyaniline nanotubes 

In addition to the aforementioned 1-D conducting polymer nanostructures, nanotubes of 

polyaniline can be produced without any external templates by controlling the molecular 

structure of the oligomers formed during the early stages of aniline polymerization. Typical 

polymerizations of aniline are carried out at low pH in a medium comprised of an aqueous 

solution of a strong acid.  These conditions are known to promote head-to-tail coupling of aniline 

monomers in order to produce polyaniline with high structural regularity.  However, a “falling 

pH” method was reported in which the polymerization of aniline was carried out in a high pH 

medium in which oligomers with mixed ortho and para coupling form during the initial stages of 

polymerization.14g, 24a, 25 These intermediates are then oxidized into phenazine-like moieties 

through intramolecular or intermolecular coupling and subsequently serve as the nucleation 

centers for further polymerization.  The pH of the solution slowly drops as the reaction proceeds 

because of the sulfuric acid generated from the reduction of APS.  Polymerization of aniline can 

thus be initiated from the phenazine-like centers through the typical para-coupling route once the 
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pH becomes sufficiently low. These phenazine-like oligomers are shown to self-assemble into 

well-organized clusters in the insoluble aqueous medium through hydrophobic interactions and 

π-π stacking. The nanosized crystalline clusters serve as inherent nucleation templates for further 

para-coupling polymerizations, and therefore dictate the morphology of the final polymer, which 

comes in as a mixture of nanorods and nanotubes.  Studies indicate that the inner-walls of the 

nanotubes are likely to be the self-assembled phenazine template, with the polymer chains 

extending outward generating the thickness of the nanotube wall.  Hydrogen bonding and π-π 

interactions between neighboring polyaniline chains has been suggested as the driving force for 

stabilizing the initial phenazine scaffold.14g, 24a, 25a, 25c-e  The resulting nanotubes typically have an 

outer diameter of 100-200 nm with a wall thickness of 50-100 nm, and extend several microns in 

length (Figure 1.7).  Conductivities of these nanotubes are not really comparable to polyanilines 

produced in the low pH medium due to the presence of the insulating phenazine-like cores.   

 

Figure 1.7. Polyaniline nanotubes and nanorods produced via the “falling-pH” polymerization 

method.  Adapted with permission from (24a).  Copyright 2006, Elsevier.   
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 Recent work by Zujovic et al. further confirms the two pH-dependent growth stages for 

the nanotubes in a “falling pH” experiment.14h, 26 Furthermore, they reported that well-defined 

nanosheets of mixed ortho and para cross-linked aniline oligomers form at the early stage of the 

polymerization when the pH value is high.14h  Those nanosheets tend to decrease surface energy 

through either stacking to form relatively thick nanoflakes or rolling or curling to form 

oligomeric nanotubes. The polymerization then proceeds through the regular para-coupled 

mechanism as the pH of the solution decreases. Polyaniline polymerizes from these preformed 

oligomeric nanotubes and thickens the tube walls. Nanorods are also observed in the final 

product when the cavity in the tube becomes filled with polyaniline.   

 The key factor for forming polyaniline nanotubes in such template-free syntheses appears 

to be the formation of well-organized phenazine-like oligomeric cores that serve as templates to 

dictate the morphology of the final polymer. Combining this mechanism with the 

aforementioned concept of intentionally adding an oligomeric initiator into the polymerization, it 

is likely that a dazzling array of nanostructures could be created using oligomers with different 

molecular structures in the polymerization.   

 

1.3 Oligomers as a new class of organic (semi)conductors  

Nanofibers of polyaniline have exhibited enhanced performances in applications such as 

chemical sensors, catalysis, and actuators.1c, 1d, 2a, 2c-e  However, the output and stability of 

devices utilizing these structures are largely governed by how the molecules or polymer chains 

are assembled in the solid-state.27  The lack of order at the chain level has limited polyaniline 

nanofibers from being integrated into electronic devices that require high carrier mobility and 
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stability, such as organic field-effect transistors and solar cells, which are dominated by 

molecular semiconductors that can self-assemble into single-crystal nanowires or nanoribbons.28  

Moreover, polyaniline nanofibers typically possess low aspect ratios and are entangled and inter-

connected, which makes single-wire devices or post-synthetic alignment difficult.  In contrast to 

polyaniline, aniline oligomers are capable of more ordered solid-state packing.29 However, 

reports on oligoanilines are sparse and are mainly limited to synthetic routes to bulk materials.11  

The scant attention that oligoanilines have received can be partly attributed to their lower 

conductivity.  For instance, conductivities measured on pressed pellets of bulk tetraaniline range 

from 3×10-6 to 3×10-2 S/cm, depending on which synthetic routes and doping acids were used.11a, 

14i The modest conductivities in turn leads to another underlying assumption—higher molecular 

weight polyaniline is necessary for achieving reasonable conductivities as longer chains could 

increase the intrachain movement of charge carriers.  Careful examination of the components of 

bulk conductivity (σbulk) demands further evaluation:   

σbulk = f(σintrachain)·f(σinterchain)·f(σdomain);1a, 11b, 11e 

The bulk conductivity of a conducting polymer is governed by both the transport properties 

within a molecular chain (σintrachain) and between the chains (σinterchain).  Although oligoanilines 

contribute more modestly to intrachain transport, they have strong potential for improvement of 

the material’s interchain transport component. Therefore, reported pressed pellet conductivity 

values for oligoanilines represent their lower limit due to the fact that interchain transport has not 

been optimized. Therefore, organizing oligoanilines into well-ordered and defined domains, such 

as 1-D nanostructures, is highly desirable and long overdue.   
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1.3.1 In-situ methods 

The nanofibrillar morphology of aniline tetramer was recently reported during a 

mechanistic study of polyaniline nanofibers.14i When aniline dimer was treated with APS in 

aqueous 1.0 M HCl, a blue-green powder formed almost instantaneously.  This powder is 

analytically and spectroscopically consistent with HCl-doped aniline tetramer and SEM analysis 

revealed that it is composed of long nanofibers that are 40-80 nm in diameter (Figure 1.8).  A 

one-step coupling reaction was also demonstrated for tetraaniline nanofibers by carrying out the 

reaction in a high ionic strength system.14j The insoluble aniline dimer could be added to an 

aqueous solution of 1.0 M HCl saturated with NaCl followed by adding an aqueous solution of 

H2O2. The resulting product is again nanofibers of aniline tetramer that are microns in length.  

The four-probe conductivities of a pressed pellet of aniline tetramer nanofibers from both 

synthetic routes are on the order of 10-2 S/cm.   

 

Figure 1.8. (a) SEM image of aniline tetramer synthesized in-situ. The inset shows a tetraaniline 

nanofiber film deposited on PET.  (b) Attenuated Total Reflectance FT-IR of dedoped aniline 

tetramer.  The inset shows its UV-vis spectrum in NMP.  Adapted with permission from (14i).  

Copyright 2009, American Chemical Society.   
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It is interesting that such short oligomeric chains, i.e. four units of aniline, can lead to the 

formation of high aspect ratio 1-D nanofibers.  However, when considered in the context of the 

entire field of organic conductors, this phenomenon is, in fact, not that surprising. Aniline 

oligomers can be viewed as a middle ground between polymers and molecular conductors such 

as pentacene, perylene, and their derivatives because oligoanilines retain the chemical properties 

of the parent polymer, while providing advantages with regard to chemical purity and self-

assembly that are mostly associated with small conjugated molecules. These small molecular 

conductors, such as acenes and perylenes can form highly ordered 1-D nanostructures in an 

environment that promotes self-assembly.28 Therefore, it is not surprising that short-chain 

oligomers such as aniline tetramers can form extended 1-D nanostructures since they can pack in 

an anisotropic manner like the aforementioned small molecules.  From this perspective, methods 

for producing oligoaniline nanostructures should not be limited to in-situ reactions reminiscence 

of the parent polymer.  Instead they could be studied systematically as a unique class of small 

molecular (semi)conductors whose nanostructures could be produced via post-synthetic methods 

similar to poly(3-hexylthiophene) (P3HT) or pentacene nanofibers.28, 30  

 

1.3.2 Post-synthetic methods 

Following this logic, our group recently demonstrated nanoscale shape and size control of 

various aniline oligomers through a simple post-synthetic solvent-exchange process.14k  A variety 

of aniline oligomers were either purchased or synthesized via reported routes: N-phenyl-1,4-

phenylenediamine (aniline dimer) and N, N’-diphenyl-1,4-phenylenediamine (phenyl-capped 

aniline dimer) were commercially available and were used as received, while bulk aniline 
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tetramer was synthesized following a reported coupling reaction route,(31) and phenyl-capped 

aniline tetramer and phenyl-capped aniline octamer were synthesized by a Honzl-Wudl 

condensation reaction.11c, 32 We started our investigation with tetraaniline because it is the 

smallest unit that can represent the structure of polyaniline since the most conducting oxidation 

state of polyaniline, the emeraldine oxidation state, is comprised of 3 benzene rings for every 

quinoid ring.  In a typical process for producing tetraaniline nanostructures, a small amount of 

finely powdered dedoped tetramer was added to a solvent mixture containing a small amount of 

a good solvent for tetraaniline such as ethanol and a large quantity of an acidic non-solvent such 

as aqueous HCl.  The mixture was left undisturbed for several days. During this time, the large 

particles that initially precipitated to the bottom of the vial gradually turned into the green, doped 

form of tetraaniline and slowly dispersed into the surrounding medium. Only doped tetramer was 

observed floating in the solvent at the end of the process. SEM and TEM images revealed that 

the resulting dispersion was composed of long, rigid, non-woven nanowires with high aspect 

ratios typically ranging from 70 to 200 nm in diameter and up to hundreds of microns in length 

(Figure 1.9). We proposed that tetraaniline nanowires formed because of the controlled 

aggregation of molecules through non-covalent interactions such as π-π stacking and hydrogen 

bonding in a balanced solvent environment.28a, 28c, 33  Tetraaniline or other aniline oligomers are 

insoluble in acidic aqueous solvents, but can be doped in such an environment. On the other 

hand, these oligomeric molecules are soluble in common organic solvents such as ethanol or 

acetone.  Therefore, the solubility and the degree of aggregation of tetraaniline molecules can be 

tuned by adjusting the ratio of the two solvents/non-solvents. As the aqueous component 

increases, the enhanced solvent polarity can create solvophobic association between the aromatic 

rings analogous to how surfactants and amphiphilic molecules assemble and thus allow for 
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controlled aggregation and stacking of tetraaniline molecules, which in turn leads to extended 

structures consisting of 1-D nanowires. This mechanism is supported by the established 

mechanism of nanoribbon formation for molecular conductors such as perylene tetracarboxylic 

diimide derivatives.28c, 33-34  In addition, the prolonged nanowire growth time (4-5 days) has been 

demonstrated as an important factor in directional molecular self-assembly as also suggested in 

other systems of nanostructure formation.28c, 33   

 

Figure 1.9. SEM images of (a) nanowires, (b) nanoribbons, (c) nanoplates, and (d) nanoflowers 

of aniline tetramer. The inset in (c) offers a closer view of the cross-section of the nanoplates.  

Scale bar = 100 nm for the inset and 1 µm for all others. 
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In addition to HCl-doped 1-D nanowires, other nanostructures with different dimensions 

can be created by simply varying the doping acid.  When nitric acid (HNO3) is used as the 

dopant, 2-D nanoribbons are obtained as opposed to 1-D nanowires with HCl (Figure 1.9).  

Changing the doping acid to perchloric acid (HClO4) induces the formation of 3-D rectangular-

shaped nanoplates, while sulfuric acid (H2SO4) leads to nanoflowers consisting of well-organized 

clusters of 2-D nanosheets (Figure 1.9).  This exquisite nanoscale size and shape control of 

aniline tetramer can be attributed to the different sizes of the dopant acid anions.  The size of the 

dopant anions can influence the interchain packing distance during the self-assembly process and 

thus lead to different supramolecular morphologies. In addition, we found that the size of the 

dopant anions have an impact on the crystallinity of the resulting nanostructures.  For instance, 

when a small doping acid such as HCl is used, X-ray diffraction (XRD) indicates that the 

nanowires formed are the least crystalline among the four aforementioned nanostructures, while 

larger dopant anions such as ClO4
- leads to the much more crystalline nanoplates.  On the other 

hand, using a doping acid that is too bulky in size such as camphorsulfonic acid (CSA) prevents 

the oligomeric molecules from packing into ordered and discrete nanostructures.  

This process appears to be a general and versatile approach for producing nanostructures 

for other aniline oligomers.  Upon varying the proportion of the organic and aqueous solvent to 

accommodate the differences in solubility of each oligomer in the organic solvent, nanowires of 

aniline dimer, phenyl-capped aniline dimer, and phenyl-capped aniline tetramer have been 

obtained via the same process that is used for tetraaniline nanostructure formation. A 1-D 

nanowire morphology is produced when HCl is used as the doping acid for all three oligomers.  

Further tuning of reaction conditions to tailor each of these oligomers could lead to more well-

defined supramolecular structures with different morphologies and dimensions.  However, when 
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the same approach is applied to longer oligomers such as the phenyl-capped aniline octamer, 

only agglomerates are obtained, likely due to the fact that the increase in chain length results in a 

molecule with more polymer-like characteristics and its structure cannot be readily controlled by 

such self-assembly processes.   

The electrical transport properties of single nanowires, nanoribbons, and nanoplates 

reveal interesting results.  Conventional pressed-pellet measurements only measure the lower 

boundary of conductivity for nanostructures because the high contact resistance at the numerous 

junctions causes the overall conductivity to appear lower than the intrinsic conductivity of a 

single nanostructure. The conductivities were obtained with two-probe measurements using 

bottom-contact devices with a single nanowire, nanoribbon, or nanoplate bridging the two gold 

electrodes (Figure 1.10).  We found that the conductivity for a single tetraaniline nanoribbon can 

be as high as 1.1 S/cm, which is two orders of magnitude larger than the highest previously 

reported value for tetraaniline and rivals that of conventional unprocessed polyaniline. Such 

results demonstrate that oligoanilines with proper processing can be as highly conducting as the 

parent polymer and could pave the way for many interesting syntheses, structure-property 

relationship studies, and applications.   
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Figure 1.10. (a) SEM image of a bottom-contact tetraaniline single nanowire device.  Scale bar = 

10 µm.  (b) I-V curve of the device.   

 

1.4 Assembly and Applications 

1.4.1 Alignment of aniline oligomeric nanowires 

 Having well-defined and high-aspect ratio nanowires of aniline oligomers provides 

opportunities for post-synthetic alignment of nanowires into oriented arrays over a macroscopic 

area.  Since the properties of a material not only depend on individual nanostructures, but also on 

how they are assembled at the macroscopic level, alignment of these nanostructures are thus 

highly desirable in order to maximize transport properties. For example, oriented nanowire 

arrays could facilitate directional carrier transport and greatly lower or eliminate contact 

resistance compared to their non-oriented counterparts.  Such properties are highly desirable for 

achieving high efficiency in organic thin-film microelectronic devices and high conductivity in 

transparent, flexible electrodes.  However, solution-based directional assembly has been difficult 

to achieve for polymeric conductors such as polyaniline nanofibers due to their lack of rigidity 

and low aspect ratios.  On the other hand, the high-aspect ratio tetraaniline nanowires can be 

readily aligned via common methods developed for inorganic nanostructures such as dewetting 

and microfluidic flow.   

Dewetting alignment is induced by solvent evaporation.35 For example, when tetraaniline 

nanowires are drawn towards the direction of evaporation in a drying droplet, the nanowires 

align in a radial fashion.14k  The dispersion in the center continuously replenishes the evaporating 
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solvent at the edge. Nanowires are therefore continuously carried to the solvent-front which leads 

to a ring with aligned nanowires possessing high deposition density once dried (Figure 1.11a).  

Sections of this ring can be further transferred to a desired substrate for device fabrication.  

Nanowires can be potentially aligned horizontally rather than radially by dipping a substrate 

vertically into a drying nanowire dispersion.   

 

Figure 1.11. Optical microscope images of nanowires aligned by (a) a dewetting method and (b) 

a microfluidic flow method.  Scale bar = 20 µm.   

 

 Another simple approach for the assembly of tetraaniline nanowires is microfluidic 

flow.36 In this method, a dispersion of tetraaniline nanowires is continuously pushed through a 

microfluidic flow channel.14k The sheer force created by the directional flow leads the nanowires 

to align in the flow direction and deposit on a substrate (Figure 1.11b).  The deposition density 

of the oriented nanowires can be further improved by proper surface treatment.  This method 

could potentially allow large area alignment as has been demonstrated for inorganic materials.36-

37  
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1.4.2 Sensors 

 Polymerization with the aid of an oligomeric additive to yield high quality nanofibers of 

conducting polymers is still in its infancy. Nevertheless, polypyrrole nanofibers produced via this 

route have already been explored for various types of chemical gas sensors.14c, 38   

 Polypyrrole has been extensively studied as a chemical sensor for a variety of analytes, in 

particular toxic gases such as ammonia, carbon monoxide, hydrogen sulfide, and nitric oxides.1c, 

39 Sensors based on polypyrrole are conventionally fabricated by lifting and redepositing an 

electrochemically grown film. With the water-dispersible polypyrrole nanofibers, chemical 

sensors can be fabricated by simply drop-casting a dispersion of such material directly onto an 

interdigitated electrode.14c The stable dispersion results in a high quality thin film that can be 

used as the active layer in a chemical sensor without the need for special additives to improve 

substrate adhesion or film quality. Furthermore, the porous features of the nanofibrillar film 

provide a high surface area that can enhance the sensitivity to target gas molecules. Such 

polypyrrole nanofiber chemical sensors exhibit reversible behavior with an approximately 19% 

increase in resistance upon exposure to 50 ppm ammonia.14c In contrast, drop-casting a 

dispersion of conventional agglomerated polypyrrole leads to a rough, uneven film that makes 

sensing behavior difficult to reproduce. Conductometric hydrogen gas sensors have also been 

fabricated with polypyrrole nanofibers.38a  The high surface area of the nanofibrillar film allows 

the sensor to achieve a short response time of 43 s upon exposure to a 1% H2 pulse with a 

resistance change of 312 Ω.  In addition, the behavior of polypyrrole nanofibers in a surface 

acoustic wave (SAW) gas sensor has been studied in the presence of a reducing gas (H2) and an 

oxidizing gas (NO2).38b  Exposure to 0.06%, 0.125%, 0.25%, 0.5%, and 1% H2 in dilute synthetic 
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air resulted in frequency shifts of 8.5 kHz, 12.1 kHz, 16 kHz, 18.7 kHz, and 20.2 kHz, 

respectively. The 90% response time for 1 % H2 is 39 s and the 90% recovery time is 219 s.  

Such polypyrrole nanofiber SAW sensors can also detect very low concentrations of NO2. For 

example, 2.1 ppm of NO2 mixed with synthetic air can be detected within 133 s with a 90% 

response time, demonstrating its potential for applications in environmental studies that monitor 

air quality.   

 

1.5 Conclusions and Outlook 

In this chapter, we have reviewed nanostructured aniline oligomers as well as their role in 

guiding the formation of polyaniline nanofibers.  Aniline oligomers act not only as effective 

promoters for shaping the nanoscale structures and chirality of polyanilines, but also represent a 

new class of organic (semi)conductors.  Interestingly, the process of using oligomers to guide the 

nanoscale shape of the resulting polymer is also applicable to polythiophenes and polypyrroles.  

Using oligomers as an additive for the polymerization of a parent polymer can potentially 

have an impact on the entire family of precipitation polymerizations.  For conducting polymers, 

because of the lower oxidation potential that the oligomers possess compared to the monomer, 

they can lower the oxidation potential of the rate-determining step in a polymerization and thus 

potentially initiate reactions that normally would be sluggish. In addition, their semi-rigid 

properties can enable them to act as “molecular templates” to shape the nanoscale morphology 

for a variety of conducting polymers as demonstrated by the study of oligoanilines to produce 

well-ordered nanostructures.  Furthermore, properties such as the chirality of the parent polymer, 
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promoted by oligomer additives, offer an interesting opportunity to create nanostructures with 

new properties.   

The study of aniline oligomers as a new class of nanostructured organic (semi)conductors 

is still in its infancy, yet has already demonstrated tremendous potential.  Their ability to form 

well defined nanostructures and their interesting structure-property relationships will likely allow 

them to develop into a vibrant field of research.   
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Chapter 2. Nanoscale morphology, dimensional control and electrical 

properties of oligoanilines 

 

While nanostructures of organic conductors have generated great interest in recent years, 

their nanoscale size and shape control remains a significant challenge.  Here we report a general 

method for producing a variety of oligoaniline nanostructures with well-defined morphologies 

and dimensionalities. 1-D nanowires, 2-D nanoribbons, and 3-D rectangular nanoplates and 

nanoflowers of tetraaniline are produced by a solvent exchange process in which the dopant acid 

can be used to tune the oligomer morphology.  The process appears to be a general route for 

producing nanostructures for a variety of other aniline oligomers such as the phenyl-capped 

tetramer.  X-ray diffraction of the tetraniline nanostructures reveals that they possess different 

packing arrangements, which results in different nanoscale morphologies with different electrical 

properties for the structures.  The conductivity of a single tetraaniline nanostructure is up to two 

orders of magnitude higher than the highest previously reported value and rivals that of pressed 

pellets of conventional polyaniline doped with acid.  Furthermore, these oligomer nanostructures 

can be easily processed by a number of methods in order to create thin films composed of 

aligned nanostructures over a macroscopic area.  

 

 

2.1 Introduction  

One-dimensional (1-D) nanostructures of molecular organic conductors and conducting 

polymers have attracted growing attention in recent years due to their solution processability, 
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easily tunable electronic properties, and potential use in many novel applications.1,2,3  In addition, 

these materials can shed light on the structure-property relationships for this unique class of 

nanomaterials.1 Among the family of conducting polymers, polyaniline has been extensively 

studied due to its unique oxidation-reduction chemistry, environmental stability, 

biocompatibility, and for its simple acid-base doping-dedoping process as illustrated in Figure 

1.4-8  Nanofibers of polyaniline have demonstrated enhanced performance in applications such as 

chemical sensors, catalysis, and supercapacitors due to their high surface area and porous 

nature.9-11 However, the performance and stability of many devices are governed by how 

molecules or polymer chains assemble in the solid state.12,13  The lack of order at the chain level 

has limited polyaniline nanofibers from being integrated into electronic devices that require high 

carrier mobility and stability such as organic field-effect transistors and solar cells.  These 

applications are currently dominated by molecular semiconductors that can often self-assemble 

into highly ordered nanowires or nanoribbons.1,2,14  Moreover, polyaniline nanofibers typically 

possess low aspect ratios and are highly flexible, which makes the fabrication of single-wire 

devices and post-synthetic alignment difficult.  

In contrast to polyaniline, oligomers of aniline are capable of forming ordered extended 

structures; crystals of low molecular weight oligomers have already been characterized.15-18  

However, compared to polyaniline, reports on oligoanilines are sparse, especially in regards to 

generating nanoscale structures and/or improving their electrical conductivity.19-21  Oligoanilines 

have generally been reported to possess low conductivities ranging from 10-6 to 10-2 S/cm for 

tetraaniline in pressed pellet form.20,21  However, the bulk conductivity of a conducting polymer 

is governed by both the transport properties within a molecular chain and between 

chains.16,19,22,23 In this regard, oligoanilines have great potential for improvements in the 
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material’s interchain transport properties.  Reports on the conductivity of oligoanilines from a 

pressed pellet are therefore typically low due to the fact that interchain transport is not optimized.  

Oligoanilines also represent an interesting middle ground between polyaniline and molecular 

semiconductors because oligoanilines retain the chemical properties of the polymer, e.g., the 

acid-base doping-dedoping chemistry (see Figure 2.1), while also possessing properties typically 

associated with molecular semiconductors especially in regard to monodispersity and self-

assembly.  

The most important oxidation state of polyaniline is the emeraldine base form, since it 

can be doped by strong acids to create the conducting form, which can be readily and reversibly 

reduced to the insulating emeraldine base form as shown in Figure 2.1.  The emeraldine 

oxidation state of polyaniline possesses three benzene rings for every quinoid ring.  

Amine/phenyl-capped tetraaniline, hereafter referred to as tetraaniline (see Table 2.1 for 

nomenclature and structures of aniline oligomers), therefore represents an important model 

compound for polyaniline because structure-wise, it is the shortest oligomer that can represent 

the emeraldine oxidation state.  Here we report a general and versatile method for producing 

structurally ordered and well-defined oligoaniline nanostructures via the self-assembly of 

tetraaniline and other aniline oligomers in their most conductive emeraldine salt oxidation state.  

Exquisite nanoscale morphology and dimensionality control is demonstrated via a simple 

dopant-induced process.  The conductivities of these nanostructures are measured via single 

wire, ribbon, or plate measurements.  The values observed are two orders of magnitude higher 

than previously reported pressed-pellet values for oligoanilines and are comparable to that of 

conventional polyaniline.20,21   
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Figure 2.1. The oxidation-reduction chemistry of polyaniline: The fully reduced form of 

polyaniline, known as leucoemeraldine, can be half-oxidized to form emeraldine or fully 

oxidized to form pernigraniline.  The electrically insulating emeraldine base form of polyaniline 

(conductivity ≤ 1×10-10 S/cm) can be doped with a strong acid to produce the electrically 

conducting emeraldine salt form of polyaniline (conductivity ≥ 1 S/cm).  This process can be 

reversed by adding a strong base.  Note that only the emeraldine oxidation state of polyaniline 

can be doped to form an electrically conducting polymer.  Tetraaniline is obtained when n = 1 

and therefore is the smallest oligomer unit that can fully represent the structure of polyaniline.   
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Table 2.1. Common Abbreviations and Molecular Structures for Aniline Oligomers and Detailed 

Conditions for Their Nanostructure Formation.   

Oligomer Common 
abbreviation 

Molecular 
structure 

Conditions for nanostructure formation 

Oligo
-mer 

Aqueous 
solvent 

Organic 
solvent 

Process 
dura-
tion 

Final 
morph
ology 

Aniline 
dimer (N-

phenyl-1,4-
phenylenedia

mine) 

 
 

2 mg 
4 mL 
0.1 M 

HCl (aq.) 

1 mL 
ethanol 10 days 

Nanofi
bers/ 

nanow
ires 

Phenyl-
capped 

aniline dimer 
(N,N’-

diphenyl-1,4-
phenylenedia

mine) 

 
 

2 mg 
4 mL 1 
M HCl 

(aq.) 

1 mL 
methan

ol 
15 days 

Nano
wires/ 
nanopl

ates 

Aniline 
tetramer 

Ph/NH2 
TANI 

 

 

2 mg 
4 mL 
0.1 M 

HCl (aq.) 

1 mL 
ethanol 4 days Nano

wires 

2 mg 

4 mL 1 
M 

HNO3 
(aq.) 

1 mL 
ethanol 4 days Nanori

bbons 

2 mg 

4 mL 
0.5 M 
HClO4 

(aq.) 

1 mL 
ethanol 4 days Nanop

lates 

2 mg 

4 mL 1 
M 

H2SO4 
(aq.) 

1 mL 
ethanol 4 days Nanofl

owers 

2 mg 
4 mL 1 
M CSA 

(aq.) 

1 mL 
ethanol 4 days 

Inter-
connec

ted 
nanofi
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bers 

Phenyl-
capped 
aniline 

tetramer 

Ph/Ph TANI 
 

2 mg 
4 mL 
0.1 M 

HCl (aq.) 

1 mL 
ethanol 5 days 

Nano
wires/ 
nanori
bbons 

Phenyl-
capped 
aniline 
octamer 

Ph/Ph 
OANI  

2 mg 
4 mL 
0.1 M 

HCl (aq.) 

1 mL 
ethanol 4 days 

Agglo
merate

s 

 

 

2.2 Experimental  

2.2.1 Synthesis  

N-phenyl-1,4-phenylenediamine and N, N’-diphenyl-1,4-phenylenediamine were 

purchased from Sigma-Aldrich and TCI Chemicals, respectively, and were used without further 

purification.  Tetraaniline was synthesized via a previously reported route.24  In brief, iron (III) 

chloride dissolved in 0.1 M HCl was mixed with stoichiometric amounts of N-phenyl-1,4-

phenylenediamine (aniline dimer) suspended in the same solvent. After 2 hours of vigorous 

stirring, the suspension was filtered and repeatedly washed with 0.1 M HCl until the filtrate 

became clear.  The solid was collected and dedoped with 0.1 M ammonium hydroxide.  The 

dedoped crude product was reduced to the leucoemeraldine oxidation state with hydrazine and 

recrystallized from ethanol three times in order to purify the product.  Tetraaniline was then re-

oxidized to the emeraldine base form with one equivalent of ammonium peroxydisulfate (APS).  

The final product was characterized by UV-Vis, Fourier transform infrared (FT-IR) 

spectroscopy, and matrix-assisted laser desorption/ionization-time of flight (MALDI-TOF) mass 

spectroscopy (Figure 2.2). Phenyl-capped octaaniline was synthesized by a condensation 
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reaction in an inert atmosphere via a previously reported route.25  Phenyl-capped tetraaniline was 

synthesized using the same method with tetraaniline replaced by N-phenyl-1,4-phenylenediamine 

as the starting material.  Characterizations for these two oligomers are shown in Figure 2.3 and 

2.4, respectively.   

 

 

 

a	  

b	  
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Figure 2.2. (a) MALDI, (b) FT-IR, and (c) UV-vis spectra of tetraaniline in its emeraldine base 

oxidation state.  The UV-vis spectrum for tetraaniline is presented in Fig. 2.5c.   

c	  
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Figure 2.3. (a) MALDI, (b) FT-IR, and (c) UV-vis spectra of phenyl-capped tetraaniline in its 

emeraldine base oxidation state.  The UV-vis spectrum was taken in ethanol.  

a	  

b	  

c	  
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Figure 2.4. (a) MALDI, (b) FT-IR, and (c) UV-vis spectra of phenyl-capped octaaniline in its 

emeraldine base oxidation state.  The UV-vis spectrum was taken in dimethylformamide (DMF). 

 

a	  

b	  

c	  
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2.2.2 Process for producing nanostructures  

In a typical process, 2.0 mg of finely powdered tetraaniline is added to a solvent mixture 

comprised of 1.0 mL of ethanol and 4.0 mL of an aqueous acidic solution. The mixture is shaken 

for a few seconds and then left undisturbed for 4 to 5 days.  Less ethanol is used for N-phenyl-

1,4-phenylenediamine and N,N’-diphenyl-1,4-phenylenediamine than tetraaniline since they have 

a higher solubility in ethanol. Duration of the processes varied slightly depending on the 

oligomer. Molecular structures and common abbreviations for the aniline oligomers are 

summarized in Table 2.1 along with the detailed conditions for their nanostructure formation.  

Each reaction mixture was purified by dialysis against deionized water for approximately one 

day.  A small amount of granular debris often precipitated out and was visible at the bottom of 

the vial.  The debris can be readily removed by agitating the vial since the granular debris settles 

out from the dispersion quickly, while the nanostructures remain well-dispersed for a lengthy 

period of time.  As a result, the top nanostructured dispersion can be collected into a different 

container and the debris that accumulates at the vial bottom discarded.  

 

2.2.3 Microscopy  

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) 

samples were prepared by drop-casting one to two drops of a diluted oligoaniline dispersion onto 

a piece of silicon wafer or a TEM grid, respectively.  SEM images were taken with a JEOL JSM-

6700 Field Emission scanning electron microscope, and TEM images were taken with a 

FEI/PHILIPS CM 120 transmission electron microscope.   
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2.2.4 Other characterization techniques  

Powder X-ray diffraction patterns of the tetraaniline nanostructures were taken on a 

Panalytical X'Pert Pro X-ray powder diffractometer with a scan rate of 2 degrees/min.  Sodium 

chloride was used as an internal standard for the crystallite size calculations using the Scherrer 

equation.  MALDI samples were prepared with 2,5-dihydroxybenzoic acid (DHB) as the matrix 

and the spectra were taken on an Applied Biosystems Voyager-DE-STR MALDI-TOF 

spectrometer.  FT-IR samples were prepared with FT-IR grade KBr and the spectra were taken 

with a JASCO FT/IR-420 spectrometer.  UV-vis-NIR (near infrared) spectra of the nanowire 

dispersion were taken with a quartz cuvette that has a 1 mm light path-length on a Shimadzu 

UV-3101 PC UV-vis-NIR Scanning Spectrophotometer.   

 

2.2.5 Single wire measurements  

Bottom-contact devices were fabricated for all single wire, ribbon, and plate 

measurements.  Gold electrodes were thermally deposited on a Si/SiO2 substrate with a 300 nm 

SiO2 layer to create channels that are 2-10 µm in length.  One drop of oligoaniline dispersion 

was drop-cast onto the electrodes, and the nanowires, nanoribbons, or rectangular nanoplates 

were allowed to settle for a few seconds.  The rest of the droplet was then quickly removed with 

flowing nitrogen and the devices blown thoroughly dry.  Measurements were carried out directly 

after deposition using a standard probe station under ambient conditions.   
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2.3 Results and Discussion 

2.3.1 Nanostructure synthesis 

Tetraaniline synthesized by previously reported methods possesses a granular, 

agglomerated morphology (Fig. 2.5b).  However, nanostructures of tetraaniline can be grown by 

adding this granular powder to a mixture of 0.1 M HCl and ethanol, which is then left 

undisturbed for 4 to 5 days.  During this time, large particles are observed that initially 

precipitate to the bottom of the vial and gradually turn into the green, doped form of tetraaniline.  

This material slowly disperses into the surrounding medium.  At the end of this process, only 

doped tetraaniline is observed floating in the solvent.  The mixture forms a stable dispersion 

upon simple agitation (Fig. 2.5a).  SEM and TEM images of the resulting dispersion show that 

long, non-woven nanowires with high aspect ratios are created during this process (Fig. 2.5d, e).  

The nanowires typically range in diameter from 70 to 200 nm and are up to hundreds of microns 

long.  A UV-vis-NIR spectrum of the resulting tetraaniline nanowires in the emeraldine salt form 

dispersed in water is shown as the “65 h” curve in Figure 2.5c, and a full spectrum that extends 

into the near infrared (NIR) up to 3000 nm is shown in Figure 2.6.  The as-synthesized dedoped 

tetraaniline in its emeraldine base form dissolved in ethanol is presented in Figure 2.2c and is 

consistent with previous work on tetraaniline.7,24   
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Figure 2.5. (a) Photographs show a mixture of tetraaniline, ethanol, and 0.1 M HCl at the 

beginning of the process (left vial) and the green tetraaniline nanowire dispersion produced at the 

end of 4 days (right vial).  Both vials were agitated prior to taking the photos; (b) A scanning 

electron microscope (SEM) image of the as-synthesized tetraaniline powder; (c) UV-Vis spectra 

obtained at the given time intervals during the course of nanowire assembly; (d) An SEM image 

of a network of tetraaniline nanowires.  The molecular structure of tetraaniline is shown across 

the top of the image; (e) A transmission electron microscope (TEM) image of a single 

tetraaniline nanowire; and (f) the results of the same process carried out in a mixture of ethanol 

and water in the absence of doping acids.  Scale bars: 1 µm.    
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Figure 2.6. UV-vis-NIR spectrum of tetraaniline nanowires dispersed in water.  The spectrum 

saturates beyond 1800 nm due to water absorption.   

 

2.3.2 Formation mechanism  

Literature reports indicate that π-conjugated molecules can form well-defined 

morphologies and molecular arrangements through non-covalent interactions such as π-π 

stacking and hydrogen bonding. Controlled aggregation of molecules through these non-covalent 

interactions in a non-solvent or in a mixture of a non-solvent and a good solvent can lead to the 

formation of nanowires or nanoribbons.1,14  Tetraaniline nanowires may form in an analogous 

process to that known for other molecular semiconductor nanowires such as perylene 

tetracarboxylic diimide derivatives.14,26,27 Although tetraaniline is not soluble in an acidic 

aqueous solvent, it can be doped in this environment. Tetraaniline is, however, soluble in 

common organic solvents such as ethanol. The solubility and the degree of aggregation of 

tetraaniline in different liquids can be easily tuned by adjusting the ratio of the two solvents/non-
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solvents. Upon increasing the aqueous component, the enhanced solvent polarity can create 

solvophobic association between the aromatic rings, which promotes extended π-π stacking, in a 

similar manner to how surfactants and amphiphilic molecules assemble.26,28  Tuning the solvent 

ratio thus allows for controlled aggregation and stacking of tetraaniline molecules. With a 

solvent mixture of 4:1 (v/v) of an aqueous solution of HCl (a non-solvent) and ethanol (a good 

solvent), tetraaniline molecules assemble into an extended superstructure consisting of 

nanowires.  During this process, bulk tetraaniline powder slowly disperses into the solvent to 

form a suspension of tetraaniline nanowires.  Control experiments carried out in a solely acidic 

aqueous environment leads to poorly-defined structures (see Fig. 2.7), which illustrates the 

importance of achieving the correct solvent polarity from a mixture of solvents.   

 

Figure 2.7. SEM images of tetraaniline that has undergone the same self-assembly process in (a) 

0.1 M HCl, (b) 1.0 M HNO3, (c) 0.5 M HClO4, and (d) 1.0 M H2SO4 in the absence of any 
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organic solvent.  Only poorly defined and interconnected structures are obtained, illustrating the 

importance of the solvation factor attributed to ethanol in our process.   

 

The nanowire growth process requires approximately four days in order for directional 

molecular self-assembly to occur which has been suggested as a factor in forming ordered 

nanostructures for other molecules such as perylene diimide and pentacene.14,26,27,29 Non-

covalent forces such as hydrogen bonding can modulate the directional nature of nanowire 

formation.27,30  Although high aspect ratio nanowires are obtained in a solvent mixture of ethanol 

and 0.1 M HCl, an identical process carried out in a mixture of ethanol and water without any 

dopant acid only yields agglomerates (Fig. 2.5f).  Tetraaniline remains in its initial emeraldine 

base oxidation state in water, but becomes the protonated emeraldine salt form when the process 

is performed in an acid solution.  This may be a result of extra hydrogen bonding associated with 

the protonation which has been proposed as a driving force to regulate supramolecular 

organization.31,32  The transition in oxidation state from the initial emeraldine base form of 

tetraaniline to the final emeraldine salt form was monitored in situ via UV-vis-NIR spectroscopy 

during the course of nanowire assembly.  UV-vis-NIR spectra were collected 5 hours into the 

process and then every 15 hours until the relative peak ratios stopped changing (Fig. 2.5c).  At 5 

hours, agglomerates that resemble the morphology of the as-synthesized tetraaniline are 

observed, and nanowires become the dominant product after 65 hours.  Three peaks are present.  

The peak at 290 nm corresponds to the π → π* transition. This transition typically appears 

between 350–360 nm for doped polyaniline;33,34 however, it undergoes a blue shift to 290 nm 

due to the much shorter conjugation length of tetraaniline compared to polyaniline.  Absorptions 

at 420 nm and around 950 nm are ascribed to the polaron → π* and π → polaron band 
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transitions, respectively, indicating that the nanowires are in their conductive emeraldine salt 

form.33  The weak peak around 1420 nm is due to water absorption.35  As the assembly process 

progresses, the spectra changes significantly with a defined isosbestic point at 325 nm. The 

drastic decrease in the ratio of the 290 nm peak to the 420 nm peak indicates that the π → π* 

transition energy is greatly reduced as the tetraaniline molecules equilibrate into a more preferred 

aggregate phase with extended π-π stacking as nanowires form. A similar effect has been 

observed in nanostructures of molecular conductors.30  On the other hand, the ratio of the 420 nm 

peak to the 290 nm peak increases throughout the process, indicating an increase in doping level 

as more polarons are injected into the π* band as assembly progresses. Simultaneously, the broad 

peak at ~900 nm which extends over several hundreds of nm from the visible to the NIR region 

also increases in intensity compared to the 290 nm peak.  The broadening of this asymmetric 

peak is associated with the increasing linearity of polyaniline which leads to increased polaron 

delocalization.33,34,36  The increase in absorption of this broad peak during tetraaniline nanowire 

assembly suggests that the intermolecular stacking between aniline tetramers leads to 

delocalization of carriers because of the enhanced π-π orbital overlapping.  Therefore, the overall 

change in the ratios of peak absorptions indicates that tetraaniline molecules rearrange 

themselves from the initially agglomerated morphology into an extended, more 

thermodynamically favorable array with better carrier transport during the process of nanowire 

assembly.   

 

2.3.3 Size and shape control 

Size and shape control of 1-D organic nanostructures remains a significant challenge 

within the field of organic conductors and continues to draw increasing interest.  For example, 
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studies have shown that using different doping acids during the synthesis of polyaniline 

nanofibers can change their diameter. When synthesized in 1.0 M HCl, polyaniline nanofibers 

typically have diameters around 30 nm, while in 1.0 M camphorsulfonic acid (CSA) the 

diameters average 50 nm.37 For oligomers, their organization into extended supramolecular 

structures can be controlled by using different dopants that have different sizes.  As shown in 

Figure 2.5, 1-D nanowires are formed when HCl is used as the doping acid; however, as the 

dopant is changed to HNO3, 2-D nanoribbons are obtained (Fig. 2.8a and b).  Using HClO4 

induces the formation of well-defined 3-D rectangular-shaped nanoplates (Fig. 2.8c and d), 

while H2SO4 produces tetraaniline molecules that pack into nanoflowers consisting of well-

organized clusters of 2-D nanosheets (Fig. 2.8e). 
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Figure 2.8. (a) An SEM image of tetraaniline nanoribbons obtained when 1.0 M HNO3 is used 

as the doping acid.  The inset shows a TEM image of a single ribbon; (b) An edge-on view of the 

nanoribbons; (c) An SEM image of rectangular-shaped tetraaniline nanoplates produced using 

0.5 M HClO4 as the doping acid.  The inset shows a TEM image of a nanoplatelet; (d) An SEM 

cross-sectional view of the nanoplates; (e) An SEM image of nanoflowers produced using 1.0 M 

H2SO4 as the doping acid; and (f) an SEM image of inter-connected nanofibers obtained when 

1.0 M CSA is used as the doping acid.  Scale bar: 100 nm for (d), 1 µm for all the others.   
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The exquisite dopant-induced nanoscale control of the size and shape of aniline-based 

oligomers and polymers can be explained by examining and comparing the structural differences 

between the polymer and the oligomer.  When polyaniline or oligoaniline is doped with an acid, 

the imine nitrogens become protonated and the negatively charged dopant anions reside near the 

positively charged nitrogens due to ionic attractions (Fig. 2.1).  The size of the dopant anions 

thus influences the interchain packing distance and ultimately the supramolecular morphology.  

Polyaniline molecular chains are long and semi-rigid in sections; thus, dopant anion size does not 

have a large effect on the supramolecular structure observed for polyaniline since individual 

dopants only have a local effect on the polymer chains (Fig. 2.9a).38  Thus, changing the dopant 

acid during the synthesis of polyaniline nanofibers primarily changes diameter, but has little 

affect on superstructure. However, oligoanilines such as tetraaniline are discreet, compact 

molecules.  Consequently, the size of the dopant anion has a much more profound effect on the 

packing distances between tetraaniline molecules (Fig. 2.9b).  This effect can be observed in the 

X-ray diffraction (XRD) patterns for the different tetraaniline nanostructures (Fig. 2.9d). For 

each of the four structures, the most intense peak in the X-ray diffraction pattern is centered 

around 2θ = 20o, which has been ascribed to the periodicity parallel to the polymer chain.39-42  

When HCl is used as the doping acid to induce nanowire formation, Cl- ions remain between the 

chains, which results in a peak at 2θ = 20.00o corresponding to a d-spacing of 4.22 Å.  This peak 

shifts to 2θ = 19.87o for HNO3 doped nanoribbons, which indicates an increase in d-spacing to 

4.46 Å.  This is consistent with the fact that NO3
- is a larger dopant anion than Cl-.  Nanoflowers 

doped by H2SO4 and rectangular nanoplates doped by HClO4 have even larger d-spacings of 4.62 

Å and 4.63 Å, respectively, as HSO4
- and ClO4

- ions are larger than NO3
- and Cl-.43  To further 

illustrate the impact of dopant anion size, when a very large doping acid such as camphorsulfonic 
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acid (CSA) is employed, only poorly-defined, agglomerated tetraaniline nanofibers are obtained 

(Fig. 2.8f). This is due to the fact that CSA anions are bulky in size and they prevent oligomers 

from packing into ordered and discrete supramolecular structures (Fig. 2.9c). Their lack of 

packing order is evident in the corresponding XRD pattern, which does not have well-defined 

peaks and thus suggests an amorphous structure (Fig. 2.9d).  Note that aside from the amorphous 

CSA-doped agglomerated nanofibers, the intensity of the X-ray diffraction patterns indicate that 

the nanowires are the least crystalline form of nanostructure, while the rectangular nanoplates 

and nanoribbons are far more crystalline. Such observations are consistent with the physical 

appearances of the nanostructures.  Nanoflowers also produce intense diffraction peaks despite 

the fact that they do not appear as ordered as the nanoplates or nanoribbons. This can be 

attributed to the crystallinity of the stacked 2-D sheets/“petals” that comprise the nanoflowers.  

The Scherrer equation has been applied to assess the crystallite sizes of the four different 

morphologies. Using sodium chloride as an internal standard, the crystallite sizes were calculated 

to be 17 Å for the nanowires, 44 Å for the nanoribbons, 91 Å for the rectangular nanoplates, and 

25 Å for the nanoflowers. Since the calculated crystallite sizes for the nanowires and the 

nanoflowers are well below the 50 Å accuracy limit of the Scherrer equation, the data for these 

materials should be considered qualitative. The rectangular nanoplates have the longest 

crystallite coherence length, approximately one-tenth of their average physical thickness, further 

confirming their high crystallinity. The calculated crystallite size of the nanoribbons falls 

between the nanocrystalline nanowires/nanoflowers and the more crystalline nanoplates, in 

agreement with the XRD data.  In addition, well-defined 2θ peaks around 26o that correspond to 

classical π-π stacking between aromatic rings are observed for the more crystalline nanoribbons, 

nanoplates, and nanoflowers, further demonstrating that π-π stacking is likely an important 
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driving-force for nanostructure assembly.  This is also supported by the previously discussed in 

situ UV-vis-NIR analysis (Figure 2.5c), where a greatly reduced π → π* transition energy is 

observed due to the formation of extended π-π stacking as nanostructures assemble.   

 

Figure 2.9. (a) An illustration of the polymer chain conformation typically found which is 

compactly coiled when a small doping acid such as HCl is used (left); the chain becomes more 
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expanded when doped with a bulky doping acid such as CSA and processed in certain solvents 

(right).38 (b) The dopant anions likely reside between the tetraaniline molecular chains; therefore, 

the packing distance will be affected by the size of the anions. (c) Tetraaniline molecular chains 

do not pack well when a bulky doping acid such as CSA is used as the tetramers are prevented 

from arranging themselves into extended structures; and (d) X-ray diffraction patterns of 

nanowires (top), nanoribbons (second), rectangular nanoplates (third), nanoflowers (fourth), and 

agglomerated nanofibers (bottom).   

 

2.3.4 Application to other oligoanilines  

The synthetic methodology presented here appears to be a general and versatile route for 

producing nanostructures of other aniline oligomers.  For example, nanowires of aniline dimer 

(N-phenyl-1,4-phenylenediamine) and phenyl-capped aniline dimer (N,N’-diphenyl-1,4-

phenylenediamine) are obtained by the same method when HCl is used as the doping acid, and 

phenyl-capped tetraaniline forms a mixture of nanowires and narrow nanoribbons under the same 

conditions (Fig. 2.10a to c).  Unfortunately, when the same approach is applied to phenyl-capped 

octaaniline, only agglomerates are obtained (Fig. 2.10d), likely due to the fact that the increase 

in chain length results in a molecule with more polymer-like characteristics so that its size and 

shape cannot be as readily controlled by this process.   
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Figure 2.10. SEM images of (a) aniline dimer nanowires; (b) phenyl-capped aniline dimer 

nanowires; (c) phenyl-capped aniline tetramer nanowires and nanoribbons; and (d) phenyl-

capped octaaniline agglomerates produced under the same experimental conditions that form 

tetraaniline nanostructures.  Scale bar: 1 µm.  Insets show the molecular structures of the 

corresponding aniline oligomer.   

 

2.3.5 Electrical transport properties 

Electrical transport studies on HCl-doped nanowires, HNO3-doped nanoribbons, and 

HClO4-doped rectangular nanoplates were performed in order to determine the conductivities of 

each of these nanostructures. Previous studies on the conductivity of doped tetraaniline measured 
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on pressed pellets have proven to be disappointing: the conductivity ranges from 10-6 to 10-2 

S/cm depending on the synthetic method and doping acid used.20,21  Our studies confirm that 

bulk tetraaniline has a conductivity of only 3 × 10-3 S/cm. However, pressed-pellet 

measurements represent the lower boundary for conductivity for oligoanilines due to high 

contact resistance between the numerous junctions between the nanostructures that can cause the 

conductivity to appear lower than the intrinsic conductivity of a single wire or ribbon.  

Measuring the conductivity of a single nanowire, nanoribbon or nanoplate therefore represents a 

method to determine the intrinsic conductivity of oligoaniline nanostructures.   

Figure 2.11a shows a representative SEM image of an Au bottom-contact device 

constructed from a single tetraaniline nanowire.  The nanowire was drop-cast across the source 

and drain electrodes from a freshly prepared dispersion of tetraaniline nanowires in water.  The 

nanowires were allowed to deposit for a few seconds, and the rest of the droplet was quickly 

blown away by nitrogen flow, followed by taking an immediate measurement.  This method of 

deposition reduces the amount of solvent impurities that would be left behind from solvent 

drying, which would decrease the quality of the measurements.  Tetraaniline nanoribbon and 

nanoplate devices were fabricated in the same fashion.  Figure 2.11b shows a typical I-V curve 

for a single nanowire device through a two-probe measurement.  All measurements were carried 

out under ambient conditions with a standard semiconductor probe station.  The linearity of the 

curve indicates that the tetraaniline nanostructures exhibit ohmic behavior.  The conductivity of 

each nanostructure was calculated using the slope of the I-V plot along with the length of the 

nanostructure that bridges the source and drain electrodes.  The actual length and width (or 

diameter in the case of a nanowire) of each channel were measured by SEM, and the thickness of 

the ribbon or plate was acquired through tilted SEM measurements assisted by AFM analysis 
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when needed.  The conductivity of a single nanowire was found to be as high as 0.3 S/cm, and 

that for a nanoplate and nanoribbon were as high as 0.5 S/cm and 1.1 S/cm, respectively.  This 

trend is consistent with the X-ray diffraction patterns and the crystallite coherence length 

obtained using the Scherrer equation as the nanowires were the least crystalline morphology with 

the smallest crystallite size, while the nanoribbons and rectangular nanoplates were much more 

crystalline and have larger crystallite sizes.  The fact that the nanoplates have lower conductivity 

than the nanoribbons, despite their higher crystallinity and longer crystallite coherence length, 

can be ascribed to their poor contact with the Au electrodes since the plates are not as long or 

flexible as the ribbons.  For measurements on different devices, conductivities in the range of 0.1 

– 1.1 S/cm were obtained for nanoribbons.  Such distribution of values was also observed for the 

nanowires and nanoplates.  This range of variation can be partly attributed to (1) the differences 

in contact quality at the Au electrode-nanoribbon interfaces that are often associated with bottom 

contact devices, and (2) solvent impurities and/or microscopic debris trapped at the 

aforementioned interfaces.  On this basis, it is evident that the conductivities we report here 

could likely be further improved if the contact quality and other issues are addressed; for 

instance, fabricating four-probe top-contact devices to reduce contact resistance.  Despite these 

issues, the conductivity of the nanoribbon exhibits a two order of magnitude increase from the 

highest value reported previously for tetraaniline,21 and a three order of magnitude increase from 

the method we followed for synthesizing bulk aniline tetramer.24  It is worth emphasizing that the 

conductivity of the nanoribbons rivals that of conventional polyaniline, which has a conductivity 

on the order of 100-101 S/cm.6,21,44  Such results clearly demonstrate that oligoanilines can be as 

highly conducting as the polymer once the interchain transport and the inter-domain transport 

components of bulk conductivity are optimized.  The improved interchain transport as a result of 
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the increased intermolecular order is evident from the in situ UV-vis-NIR analysis and the XRD 

patterns.  The conductivity may be further enhanced if a balance between the oligomer chain 

length and interchain packing is achieved.   

 

Figure 2.11.  (a) An SEM image of a representative bottom-contact device fabricated from a 

single tetraaniline nanowire on a Si substrate covered by a 300 nm thick SiO2 dielectric layer.  

The channel lengths between the Au electrode pairs were varied from 2 µm to 10 µm; a 2 µm 

channel length is shown.  Scale bar = 1 µm.    

 

2.3.6 Directional assembly 

The inter-domain transport in a nanowire film could be further improved by assembling 

the randomly oriented oligoaniline nanostructures into oriented functional arrays onto a variety 

of substrates.  This has been difficult to achieve for polyaniline nanofibers which typically form 

an interpenetrating network of nanofibers which makes individual fibers or wires difficult to 

separate.  Fortunately, the oligoaniline nanowires tend to be much more rigid with high aspect 

ratios leading to discreet fibers.  Initial experiments indicate that they can be readily aligned 

using dewetting alignment, in which nanowires that possess high aspect-ratios can be deposited 
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and aligned between the solvent front and the substrate as shown in Figure 2.12a.45-47  Through 

this evaporation-induced assembly process, the tetraaniline nanowires are drawn towards the 

direction of the droplet evaporation, causing the nanowires to align in a radial fashion.  The 

solution in the center continuously replenishes the solvent as it evaporates at the edges, thus 

increasing the nanowire deposition density at the edge of the droplet. A ring with high deposition 

density is formed as the droplet dries.  Optical microscope images of a section of the ring are 

shown in Figure 2.12b and c, illustrating the high degree of alignment and high deposition 

density.  These aligned sections could be transferred to a desired substrate for further device 

fabrication.  In addition to dewetting alignment, the microfluidic flow method48 is also applicable 

for the assembly of tetraaniline nanowires (Figure 2.13).  Solution-based large-area alignment 

should facilitate directional carrier transport and greatly lower contact resistance versus their 

non-oriented counterparts,49-51 which could prove to be beneficial for high efficiency organic 

thin-film microelectronic devices or for transparent, flexible organic electrodes.   
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Figure 2.12. (a) A schematic representation of evaporation-induced (dewetting) deposition and 

alignment between the solvent front and the substrate.  (b) An optical micrograph taken in dark 

field shows a small section of the ring.  The nanowires align in the drying direction. (c) A dark 

field optical micrograph showing a closer view of (b).   
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Figure 2.13. Schematic illustration of the microfluidic flow channel structure used to produce 

aligned nanofibers.  (a) A thin rectangular cavity was cut into one side of a PDMS stamp.  This 

created a channel when the stamp was brought into contact with a flat piece of a Si wafer.  A 

dispersion of tetraaniline nanowires in an ethanol/water solvent mixture was then passed through 

the channel. (b) A dark field optical micrograph shows that the tetraaniline nanowires are aligned 

on the substrate under the flow channel. (c) A dark field optical micrograph shows a closer view 

of a selected area from (b).   

 

2.4 Conclusions  

Nanostructured aniline oligomers have been produced through a novel, simple one-step 

method in which bulk oligoanilines self-assemble in a suitable binary solvent system.  
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Supramolecular structures including nanowires, nanoribbons, rectangular nanoplates, and 

nanoflowers are obtained through a process in which the dopant induces a specific morphology 

in the oligoanilines.  The variation in structures could prove useful for next-generation organic 

electronics; for example, the high surface area nanoflowers could be used for organic super-

capacitors, while nanowires or nanoribbons could be well-suited for single-wire/ribbon 

nanoelectronic devices.  Two-probe electrical measurements on single wires, ribbons, and plates 

reveal that the conductivity of the tetraaniline nanostructures increase by two orders of 

magnitude from the highest previously reported values for tetraaniline and now rival that of 

conventional polyaniline.  This increase in conductivity from bulk tetraaniline is due to the 

increased intermolecular order as evidenced by XRD and in situ UV-vis-NIR analyses.  The 

nanostructures can be readily assembled into thin films with orientation over a macroscopic area 

via a number of methods such as dewetting or microfluidic flow.   
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Chapter 3. Morphological and dimensional control via hierarchical assembly 

of doped oligoaniline single crystals 

 

Single crystals of doped aniline oligomers are produced via a simple solution-based self-

assembly method.  Detailed mechanistic studies reveal that crystals of different morphologies 

and dimensions can be produced by a “bottom-up” hierarchical assembly where structures such 

as one-dimensional (1-D) nanofibers can be aggregated into higher order architectures.  A large 

variety of crystalline nanostructures such as 1-D nanofibers and nanowires, 2-D nanoribbons and 

nanosheets, and 3-D nanoplates, stacked sheets, nanoflowers, porous networks, hollow spheres, 

and twisted coils, can be obtained by controlling the nucleation of the crystals and the non-

covalent interactions between the doped oligomers.  These nanoscale crystals exhibit enhanced 

conductivity compared to their bulk counterparts and interesting structure-property relationships 

such as shape-dependent crystallinity.  Furthermore, the morphology and dimension of these 

structures can be rationalized and predicted by monitoring the molecule-solvent interactions via 

absorption studies. Using doped tetraaniline as a model system, the results and strategies 

presented here provide insight into the general scheme of shape and size control for organic 

materials.   

 

3.1 Introduction  

Conducting organic molecular and polymer materials are promising candidates for a 

variety of applications including organic photovoltaics, light-emitting diodes, field-effect 
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transistors, gas sensors, memory devices, and stretchable electrodes.1-7 Compared to many of 

their inorganic counterparts, organic conductors are advantageous in terms of their improved 

solution processability, facile and scalable synthesis, and the ability to tune their chemical and 

physical properties via molecular design.8-12  However, the performance and stability of devices 

are largely governed by the ordering of the molecules in the solid state.13,14  Hence, the device 

performance for organic conductors are often inferior in comparison to their inorganic 

counterparts due to the lack of molecular order at the macroscopic level.15,16  This is especially 

true for polymeric conductors such as polyaniline and, as a result, the growth of single crystals of 

organic conductors has become a highly desirable and rapidly evolving field of research.13,17,18  

Crystals possessing nanoscale morphologies are of particular interest as they facilitate 

anisotropic carrier transport, serve as model systems for elucidating intrinsic transport properties 

and structure-property relationships, and help address the role of nanoscale domains in micro- 

and macrostructures.13,16 However, crystallizing conducting polymers such as polyaniline has not 

been possible due to the free energy and kinetic barriers associated with inducing the polymer 

chains to rearrange from their preferred coiled conformations to an ordered crystalline state.19-22  

Therefore, in order to achieve higher crystallinity, low molecular weight polyaniline or 

oligomers of aniline are the preferred choice because they resemble small molecules in regard to 

crystallization kinetics.23,24  In particular, doped oligoanilines serve as a unique middle ground 

between polyaniline and molecular conductors since they retain most properties of the parent 

polymer, while their monodispersed molecular chains can be processed into more ordered states 

and have the potential to achieve precise ordering in crystalline domains or layers that can lead to 

high carrier mobility and conductivity—properties typically associated with small molecule 

conductors.15,25,26   
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Despite their advantages, reports on doped oligoanilines are sparse, and most previous 

studies in this field have focused on the synthesis of these molecules or their use as model 

systems for probing the properties of polyaniline.27-30 Recently, we reported a solution-based 

self-assembly method for growing nanostructures for a variety of doped aniline oligomers.24 By 

exploiting the interplay between various non-covalent interactions including hydrogen bonding, 

π-π stacking, hydrophobic and electrostatic interactions, four different shapes were obtained: 

nanowires, nanoribbons, nanoplates, and nanoflowers. The resulting nanostructures show 

enhanced crystallinity and conductivity compared to their bulk counterparts based on previous 

reports.24  

Here, we demonstrate that single crystals of electroactive, doped phenyl/amine-capped 

tetraaniline (hereafter referred to as tetraaniline), the smallest repeat unit that can represent 

polyaniline in its conductive emeraldine salt oxidation state, can be grown from such a self-

assembly process.  Reports on single crystals of oligoanilines are exceedingly rare and have only 

focused on structural analysis.29,31,32  We show that the ordered solid-state packing of our doped 

oligomers leads to a two-order-of-magnitude increase in their conductivity compared to the 

highest value from previous reports.28 Furthermore, we thoroughly investigate the morphological 

evolution of these crystals at various assembly intervals in order to elucidate the effect of each 

driving force on the self-assembly process. The nanofiber structure, which appears to be a readily 

attainable morphology for organic conductors such as polyaniline and their derivatives,8 can be 

transformed into a large array of higher dimensional nanocrystals with a variety of sizes and 

shapes by creating a suitable self-assembly environment. With a clearer understanding of this 

“bottom-up” hierarchical assembly mechanism, we demonstrate the ability to exquisitely tune the 

crystal’s supramolecular architecture from 1-D nanofibers and nanowires to 2-D ribbons, sheets, 
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and plates, and eventually 3-D flower-like structures, hollow spheres, porous sheets, and twisted 

ropes.  Moreover, due to the unique acid-base doping-dedoping properties of oligomers and 

polymers of aniline, the dopants can serve conveniently as one of the driving forces for self-

assembly.  During this process, the dopants are simultaneously incorporated producing 

tetraaniline crystals in their conductive emeraldine salt oxidation state.  The sizes of many of 

these structures can be fine tuned simply by controlling the degree of aggregation dictated by pH. 

 

3.2 Experimental  

3.2.1 Synthesis  

N-phenyl-1,4-phenylenediamine was purchased from Sigma-Aldrich and used without 

further purification.  Amine/phenyl-capped tetraaniline was synthesized via a previously reported 

route.33 In short, iron (III) chloride was mixed with stoichiometric amounts of N-phenyl-1,4-

phenylenediamine in 0.1 M HCl with vigorous stirring for 2 h.  The suspension was then filtered 

and washed repeatedly with water and acetone.  The product was subsequently dedoped using 

0.1 M ammonium hydroxide and recrystallized from ethanol three times.  Phenyl/phenyl-capped 

tetraaniline was synthesized by a modified condensation reaction in an inert atmosphere via a 

published method.34  In brief, the phenyl/amine-capped tetraaniline starting material in the 

reported reaction was replaced by a stoichiometric amount of N-phenyl-1,4-phenylenediamine.  

Characterization of these products can be found in references 24 and 33. 

 

3.2.2 Self-assembly of nanostructures  

In a typical process, 2.0 mg of finely powdered oligoaniline was added to a solvent 

mixture of 1.0 mL of an organic solvent and 4.0 mL of an aqueous acidic solvent at room 
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temperature.  The resulting mixture was briefly swirled and left undisturbed for 4 to 5 days.  At 

the end of the self-assembly process, the mixture was purified by dialysis against deionized 

water.  The product was collected after approximately 1 day.  For the time-lapsed experiments, 

the water bath was stirred and replaced with fresh water continually to accelerate the dialysis 

process; the final product was collected after approximately 5 hours.  

 

3.2.3 Microscopy 

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) 

samples were prepared by drop-casting an oligoaniline dispersion onto a piece of silicon wafer 

and a TEM grid, respectively.  All SEM images were acquired on a JEOL JSM-6700 Field 

Emission scanning electron microscope.  

The low dose electron diffraction patterns and the corresponding bright field images in 

Figure 3.1 were taken with a JEOL JEM-2010F FasTEM at 200 kV accelerating voltage. D-

spacings on electron diffraction patterns were calibrated using polycrystalline gold films and 

analyzed using ImageJ (National Institute of Health) software. The samples were observed to be 

beam sensitive.  During in-situ observations of the electron beam-induced changes of the 

diffraction patterns, we found that the Bragg reflections transformed from sharp localized spots 

to streaks in the [001] direction at characteristic doses ranging from 0.02 to 0.07 C/cm2.  With 

extended exposure to the beam, the scattering faded completely.  

Atomic force microscopy (AFM) images were acquired in the dynamic mode (AM-AFM) 

on a Nanoscope V Dimension Icon (Bruker AXS) under ambient conditions using phosphorus 

n+-doped silicon cantilevers (PPP-NCST, Nanosensors) with a nominal spring constant of 

7.4 N/m, first longitudinal resonance frequencies between 130-165 kHz, and a nominal tip radius 
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of <10 nm.  Simultaneous height and phase images were acquired and reproduced from multiple 

samples. Simple plane fitting of the acquired images enabled subsequent cross-sectional 

analyses.  The reported values exhibited no significant variation between different samples or 

cantilever probes.  

 

3.2.4 Other characterization techniques  

Powder X-ray diffraction patterns were obtained on a Panalytical X’Pert Pro X-ray 

powder diffractometer using a CuKα radiation beam with a wavelength of 0.154 nm.  The 

diffractometer was operated at 45 kV and 40 mA at a scan rate of 4.0° /min, with an angular 2θ 

range from 3° to 40°.  UV-vis spectra were acquired on a HP 8452 spectrometer. 

 

3.3 Results and Discussion  

3.3.1 Nanostructure self-assembly 

As-synthesized tetraaniline in its emeraldine base oxidation state lacks a well-defined 

structure and exhibits only granular features.24,33  However, nanostructures of tetraaniline can be 

obtained by a post-synthetic self-assembly process in which a small amount of tetraaniline is 

placed in a solvent mixture that involves a good solvent such as ethanol, and a poor solvent such 

as aqueous 0.1 M HCl, to promote the molecule-molecule interactions that are essential for 

forming crystalline structures.24,35 A number of nanostructures can be induced just by varying the 

dopant acid: HCl, HNO3, HClO4 and H2SO4. These acids can lead to nanowires, nanoribbons, 

nanoplates and flower-like structures, respectively. The products can readily be dispersed in 

water (Figure 3.1a), which allows convenient solution-based processing methods such as drop-
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casting or spray-coating. UV-vis spectra confirm that the final nanostructures are in the 

emeraldine salt oxidation state with characteristic absorption maxima at 290, 405 and 735 nm 

(Fig. 3.1b).  These values can be contrasted with the starting bulk material in the emeraldine 

base oxidation state with absorption peaks at 295 and 585 nm (Fig. 3.1b).36 Powder X-ray 

diffraction indicates that these doped structures are significantly more crystalline than typical 

nanostructures of polyaniline (Figure 3.1c), which is in agreement with the fact that low 

molecular weight oligomers can more readily pack into ordered architectures.  

 

Figure 3.1. (a) Photographs showing the cotton-like state of tetraaniline nanowires in water (left) 

and the homogeneous dispersion formed upon agitation (right); (b) UV-vis spectra of the 

dedoped bulk powder prior to self-assembly and the final doped nanowires dispersed in water; 

(c) XRD patterns for tetraaniline nanowires, nanoribbons and nanoplates; (d-f) SAED patterns 
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for the nanowires (d), nanoribbons (e) and nanoplates (f).  The insets show the corresponding 

bright-field TEM images for each structure; (g) a 3-D packing model of tetraaniline with the 

corresponding d-spacings in the b and c directions; (h) A 2-D packing model illustrated as a 

projection in the [100] direction for the nanoribbon and nanoplate samples.  The green rectangles 

represent the tetraaniline molecules.   

 

3.3.2 Crystal Structures 

Selected area electron diffraction (SAED) is a powerful tool for characterizing the 

structure of nanosized domains and understanding the associated structure-property relationships 

for materials.37 Low dose TEM techniques are employed here to collect SAED patterns for 

tetraaniline nanowires, nanoribbons and nanoplates (Fig. 3.1d, e, f, respectively) to minimize the 

possible beam damage to the samples.  

The electron diffraction patterns show that all three tetraaniline morphologies are single 

crystals.  The sharp spots in the diffraction patterns confirm a high degree of crystallinity and 

large crystallites, while the streaking in certain characteristic directions indicates the existence of 

planar defects.  The diffraction patterns share a predominant d-spacing of ~0.36 nm in the 

direction along the long axes of the crystals, defined as b (Fig. 3.1g). This d-spacing is confirmed 

by the presence of a ~24.6° 2θ peak in the XRD patterns shared by all three samples (Fig. 3.1c).  

The nanoribbons and nanoplates show large d-spacings of ~2.08 nm and ~2.05 nm, respectively, 

in the direction defined as c (Fig. 3.1g). Similar large d-spacings are also expected for the 

nanowire sample, but the strong streaking in the c direction due to packing disorder between 

these planes prevents us from acquiring accurate values.  The results also indicate a tendency for 
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the crystals to orient with the (100) planes parallel to the substrate, allowing the normal viewing 

direction to be [100], as illustrated in Fig. 3.1g. The angles between [001] and [010] are 

measured to be 90°, and the patterns seem to be nearly (but not always exactly) mirror 

symmetric.  

Comparing the SAED patterns with the corresponding bright field TEM images, shown 

as insets of Fig. 3.1d, e and f, clearly suggests that the long axes of the crystals are always 

oriented along the [010] direction.  Strong scattering along [010] indicates that the molecules are 

nominally perpendicular to this direction, i.e., perpendicular to the long axis of the crystal. For 

the nanoribbons and nanoplates, there are systematic odd absences on the (00l) planes, consistent 

with glide symmetry and therefore indicative of a possible alternating packing arrangement as 

shown in Fig. 3.1h. Interestingly, highly streaked diffuse diffraction intensity can also be 

observed for the nanoplates at intermediate scattering positions between (000) and (010) at one-

third (weaker) and two-thirds (stronger) spacings.   

The high degree of order in the diffraction patterns suggests that the conformation of the 

tetraaniline molecules is consistent and regular.  SAED patterns collected at various tilt angles 

have shown that their solid-state structure in 3-D is single crystalline as well and experiments are 

currently underway to decipher the complete packing arrangements of these crystals.  

The few previous reports on single crystals of oligoanilines have only provided structural 

information.29,31,32  Here we demonstrate that the high molecular packing order of our crystals 

manifests itself in a significant increase in conductivity when comparing the crystals to 

conventional doped bulk tetramer.24 Two-probe I-V measurements via bottom-contact devices 

for a single nanowire, nanoribbon, or nanoplate reveal their conductivities are as high as 0.3, 1.1, 

and 0.5 S/cm along the b-axis, respectively (Fig. 3.2 and Table 3.1).  The conductivity values 
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can be readily correlated to the crystallinity of the nanostructures, as the least crystalline 

nanowires with highly streaked SAED patterns have the lowest conductivity, while the more 

crystalline nanoribbons and nanoplates with sharp SAED spots are more conductive.  

Nanoribbons exhibit higher conductivity than the nanoplates likely due to the nature of the 

bottom-contact electrode configuration.  We have observed under SEM that the thin, flexible and 

high aspect ratio nanoribbons tend to adhere to the gold electrodes and the SiO2 substrate surface 

nicely to provide larger interfacial contact areas, while the more rigid plates with lower aspect 

ratios often form poor contacts, or even tear, at the electrode-substrate junction.  Note that the 

single-crystalline nature of these nanostructures enables their conductivity, particularly the 

nanoribbons (1.1 S/cm), to be two orders of magnitude higher than the highest previously 

reported values for bulk doped tetraaniline, and is on the same order of magnitude as 

conventional, doped, unprocessed polyaniline, whose molecular chain is hundreds of units 

longer.28,38  

 

Figure 3.2. The current-voltage (I-V) characteristics for an individual tetraaniline nanowire, 

nanoribbon, and nanoplate were measured using bottom-contact, two-probe devices.  (a). A SEM 

image of an actual device showing a single nanoribbon deposited across a pair of Ti/Au 

electrodes with a 20 µm gap; (b). A typical I-V curve for the nanocrystals.   
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Table 3.1. Conductivity Data for a Single Nanowire, Nanoribbon, and Nanoplate of Tetraaniline 

along its Long Axis (b-Direction) in Comparison to Bulk Tetraaniline and Conventional 

Polyaniline  

 
Conventional 

polyaniline 
Tetraaniline 

Conductivity 

(S/cm) 
1-10 

Bulk Nanowire Nanoribbon Nanoplate 

10-6-10-2 0.3 1.1 0.5 

 

3.3.3 Crystal evolution  

Time-lapsed mechanistic studies were carried out to monitor the evolution of the 

nanoscale morphologies produced for tetraniline. When the process is quenched via rapid 

dialysis after 1 day of growth, nucleation centers and small nanofeatures are found.  For 

tetraaniline doped with HCl, directionally elongated nucleation centers comprised of aggregated, 

rigid wires are observed (Fig. 3.3a).  In fact, clusters of such nucleation centers can still be seen 

in diluted areas of the final product after 5 days of assembly (Fig. 3.4a).  Increased magnification 

of the same sample reveals that large amounts of nascent nanofibers with diameters of ~10-

20 nm also exist at this stage of the crystallization process (Fig. 3.3a, inset).  However, after 2 

days of growth, most of the thin nanofibers have transformed into thicker and more rigid fibers 

with diameters ranging from 100-300 nm (Fig. 3.3b).  The surfaces of these nanofibers show 

fringes of smaller nanofibers, which suggests that they form by the aggregation and merging of 

the pristine 10-20 nm nanofibers upon maturing.  After three days, high aspect ratio crystalline 
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nanowires with diameters of ~100-400 nm and lengths of hundreds of micrometers have formed 

throughout the sample (Fig. 3.3c).  The surfaces of the nanowires appear to be smooth in the 

SEM images, but TEM analysis of an individual wire reveals its genesis in multiple thinner 

nanofibers (Fig. 3.3c, inset), which is further confirmed by AFM measurements (Fig. 3.5 and 

3.6) 

 

Figure 3.3. Evolution of tetraaniline crystals.  SEM images showing nanowires (a-c), 

nanoribbons (d-f), nanoplates (g-i) and nanoflowers (j-l) collected after 1 day, 2 days and 3 days 

of assembly.  Insets: (a) the thin nanofibers during the early stages of nanowire formation, (c) a 
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TEM image of a single wire, (e) a magnified view of a ribbon exhibiting clear nanofiber fringes 

on the surface, (f) a TEM image revealing the oriented fiber-like structures at one end of a 

ribbon.  Insets in (g), (h), and (i) show a zoom-in on the surface of an initial plate, a tilted cross-

sectional view and the edge of a plate observed via TEM, respectively.  The inset in (l) illustrates 

the layered-structure of a single “petal.”  Scale bars: (a)-(e), (g)-(l), and inset of (l) = 1 µm; (f) 

and all other insets = 100 nm.  

 

Figure 3.4. Distinctive nucleation centers are visible in diluted areas for various oligomers: (a) 

tetraaniline nanowires; (b) tetraaniline nanoribbons; (c) dianiline nanofibers; and (d) phenyl-

capped tetraaniline nanofibers.  Scale bars: (a), (b), and (d) = 10 µm; (c) and the insets in (b) and 

(d) = 1 µm.  
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Figure 3.5. Representative atomic force microscope (AFM) height (a-c) and phase images (d-f) 

with extracted cross-sectional profiles (g-i) of nanowires (first column), nanoribbons (second 

column), and nanoplates (third column) illustrating that the higher order morphologies are 

hierarchically assembled from smaller features such as 7.5 nm diameter nanofibers.  Image scale: 

(a, d) = 5 × 2.5 µm, (b, e) = 2.5 × 1.25 µm and (c, f) = 15 × 7.5 µm.  
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Figure 3.6. Representative cross-sections extracted from AFM height data presented in Figure 

S1 for nanowires (a, c) and ribbons (b, d).  Zooming into the regions highlighted by the red 

circles (c and d) reveals the dimensions of individual nanowires and their contribution to the 

hierarchical formation of individual ribbons.  The medium height and width of individual 

nanowires from 25 samples are 7.5 nm and 38.5 nm, respectively.  These values correspond 

directly to those observed for individual, single layer ribbons (d).  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 variations in the 

reported dimensions.   

 

A similar “nucleation and merging” mechanism is observed for HNO3 doped tetraaniline.  

After one day, nucleation centers comprised of flexible sheet/ribbon-like clusters are found with 

significant amounts of smaller nanofibers scattered throughout (Fig. 3.3d).  Similar to the 

nanowire sample, these nucleation centers are visible in the final product (Fig. 3.4b).  After an 

additional day of aging, the randomly oriented thin nanofibers align parallel to each other and 

merge into nanoribbons that have a much larger width than thickness.  Figure 3.3e shows a 

bundle of parallel oriented small nanofibers prior to forming a defined ribbon structure.  The 

inset to Fig. 3.3e illustrates a mature ribbon with clear fringes on the surface which points to its 

nanofibrillar origin.  The surface of most nanoribbons becomes smooth after three days (Fig. 

3.3f).  However, a TEM image (Fig. 3.3f, inset) of the terminus of a nanoribbon clearly shows 

that it is formed by the merging of oriented arrays of thin nanofibers, an observation that is 
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consistent with the time-lapsed morphological observations.  Their genesis of nanofibers is 

further confirmed by the AFM analysis in Figure 3.5 and 3.6.   

Unlike the nanowire and nanoribbon samples, the HClO4-doped nanoplates nucleate off 

of the surface of the bulk agglomerates (Fig. 3.3g).  A magnified view of a pristine plate (Fig. 

3.3g, inset) illustrates its layered structure.  Within each layer, aligned arrays of small nanofibers 

that are similar to those in the ribbon sample are also observed.  Plates with well-defined features 

are formed after two days (Fig. 3.3h). Further aging appears to increase the aspect ratio of the 

plates and the yield (Fig. 3.3i).  Although the surfaces of these plates appear to be smooth under 

SEM, a magnified view of the edge of a plate under TEM reveals their pristine layered structure 

which suggests that the plates originate from merged stacks of sheets (Fig. 3.3i, inset).  

Tetraaniline doped with H2SO4 follows a similar pattern to that of the nanoplates in 

which the flower-like structures nucleate off of the agglomerates.  Small clusters of randomly 

oriented sheets can be observed after one day of self-assembly (Fig. 3.3j).  The clusters 

accumulate more sheets (or “petals”) and evolve into flower-like structures after an additional 

day (Fig. 3.3k).  Further growth appears to increase the yield, but does not appear to change the 

size of the nanoflowers (Fig. 3.3l).  A magnified view of a single “petal” (Fig. 3.3l, inset) 

demonstrates that the layered structure within these petal-like sheets is responsible for the 

flowers.  

The time-lapsed experiments provide a visualization of how the crystallization process 

evolves for tetraaniline nanostructure and suggest a 2-step formation mechanism: (1) nucleation 

and (2) hierarchical assembly. Dedoped tetraaniline, in its emeraldine base oxidation state, is 

soluble in common organic solvents such as ethanol.  While insoluble in acidic aqueous solvents, 

tetraaniline can be doped into the conducting emeraldine salt state in such an environment.  A 
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1:4 (v/v) ethanol : acidic aqueous solvent ratio is typically used in this self-assembly process.  

The 20% concentration of ethanol is sufficient to solvate the dedoped tetraaniline molecules.  

However, once doped into the emeraldine salt by the acids from the aqueous phase, tetraaniline 

becomes insoluble in both ethanol and water.  Local super-saturation is then reached quickly, and 

clusters of doped tetraaniline molecules precipitate out forming nucleation centers in the 

solution.  

The morphology of the nucleation centers appears to dictate the final tetraaniline crystal 

superstructure.  For example, rigid rod-like nucleation centers that elongate directionally (Figure 

3.3a or 3.4a) lead to high-aspect ratio nanowires, while ribbon-like clusters result in the 

formation of nanoribbons (Figure 3.3d or 3.4b).  In fact, similar phenomena are also observed in 

other oligoaniline systems.  For instance, using the same process, dianiline nanofibers often grow 

from clusters of very thin and short nanofibers (Fig. 3.4c), while phenyl/phenyl-capped 

tetraaniline nanofibers/nanowires form from dendrite-like nucleation centers (Fig. 3.4d).  Such 

observations and conclusions are not surprising as the nanoscale size and shape tuning for many 

inorganic (semi)conductors are achieved partially by controlling the morphology of nucleation 

centers.39  Comparable nucleation centers have also been observed for some small molecule 

conductors35 and biomolecules40.  

Once well-defined nucleation centers are present, the nanostructures appear to form 

through a merging mechanism, where structures with smaller feature sizes, such as nanofibers, 

merge into larger architectures such as nanowires when doped with HCl or nanoribbons when 

doped with HNO3.  Based on the evolution of the crystal morphologies, a hierarchical assembly 

mechanism is proposed (Fig. 3.7).  First, small 1-D nanoscale features such as thin nanofibers 

form during the initial stages of self-assembly along with the nucleation centers. Next, with 
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increasing growth time, the randomly oriented nanofibers either aggregate into larger and more 

rigid 1-D nanowires, or orient parallel with respect to each other and merge into ribbon- or sheet-

like 2-D structures. Then the 2-D ribbons or sheets can further stack in an orderly fashion, 

leading to plate-like architectures with well-defined 3-D dimensions. Alternatively, random 

stacking can result in an as-grown flower-like morphology. Further evidence for hierarchical 

assembly comes from AFM measurements on the crystals found with fringes on their surfaces 

(Fig. 3.5-3.6). AFM phase images, (Fig. 3.5d-f) as well as high-resolution cross-sectional 

analyses (Fig. 3.6), clearly show the contribution of merged nanofibers in the formation of 

nanoribbons (Fig. 3.5e), and stacked nanoribbons in the formation of nanoplates (Fig. 

3.5f).  Nanowires are observed individually as well as in merged forms of various dimensions 

ranging from the nanowire pairs seen at the far left to larger ribbon-like bundles seen at the right 

(Fig. 3.5a, d, g).  The median height and width of individual nanowires from 25 different 

random samples are 7.5 nm and 38.5 nm, respectively.  Nanoribbons of variable width are 

composed of stacked single layer ribbons whose height profile (~7.5 nm) corresponds directly to 

the measured dimensions of merged nanowires (Fig. 3.5b, e, h and 3.6d).  Nanoplates are 

comprised of multiple layered structures of similar dimensions to those observed across multiple 

nanoribbon samples.  The measured thicknesses of the layers that comprise the nanoplates are 

seen to be integer multiples of 7.5 nm, again corresponding to the measured height of the 

nanowires, the merged nanowires and the individual nanoribbon layers.  The driving force for 

merging of the smaller morphologies into higher order structures is likely the minimization of 

surface energies, which has been proposed for various systems including biomolecules and 

carbon-based materials with similar evolutionary schemes.41-43 Distinct self-assembly 

environments are created when different dopant anions are used to dope the positively charged 
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tetraaniline backbone, which leads to different types of electrostatic interactions.  Hence, the 

aggregation of smaller features into higher order architectures terminates at different stages of 

the hierarchical assembly timeline for each system. 

 

Figure 3.7. An illustration of the “bottom-up” hierarchical assembly mechanism believed 

responsible for the formation of oligoaniline crystals with different shapes and dimensions.  The 

small features such as 1-D nanofibers (diameter <10 nm) either aggregate into more rigid 1-D 

nanowires or orient parallel to each other to form 2-D ribbons.  The 2-D sheets can further stack 

in an orderly fashion leading to rigid 3-D plates, or stack randomly yielding a 3-D flower-like 

morphology. 

 

The direct observation of crystal evolution not only sheds light on their formation 

mechanism, but also provides a convenient “bottom-up” approach to potentially “build” crystal 

structures for doped oligoanilines and polyanilines.  Additional different structures can be 

obtained by quenching the process at an earlier stage in the process; for instance, pristine ultra-

thin nanofibers with a diameter of ~7.5 nm can be acquired if the product is collected after one 

day of self-assembly when doped with HCl (Fig. 3.3a, inset).  
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Furthermore, higher-ordered structures tend to have more ordered crystal packing 

arrangements.  For example, the SAED pattern for the 1-D nanowires (Fig. 3.1d) has the most 

streaking, while the ribbons or plates show sharp diffraction spots.  It is likely that the merging 

process from the smaller features (i.e. nanofibers) into larger architectures allows the molecules 

to rearrange into a more preferred and ordered packing motif which results in higher 

crystallinity.  

 

3.3.4 Controlling crystal morphology and dimension  

Non-covalent interactions including π-π stacking, hydrophobic interactions, and 

hydrogen-bonding are key elements for the self-assembly of many organic (semi)conductors and 

biomolecules.  Controlling the solvent conditions such as polarity and the ability to form 

hydrogen-bonds serves as a convenient method for tuning the molecule-molecule and solvent-

molecule interactions, which in turn determine the inter-molecular aggregation that ultimately 

dictates the supramolecular structures.13,18,44,45  

In order to study the non-covalent interactions controlled by the organic solvent leading 

to doped tetraniline nanostructures, we kept the electrostatic interaction factor constant, i.e. by 

using the same protonic doping acid.  For example, all the tetraaniline morphologies shown in 

Figure 3.8a1-a9 are assembled from the same aqueous component (0.1 M HCl), but using 

different organic solvents.  On the other hand, the solvent is kept constant going across a row in 

Figure 3.8; for example, Figure 3.8a2, b2, c2, and d2 are produced under an identical solvent 

environment (ethanol and water), but are subject to different electrostatic interactions (i.e. 

different doping acids).  
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Figure 3.8. Extensive control over the morphology of the tetraaniline crystals can be achieved by 

creating distinct self-assembly environments using different combinations of the doping acids, 

HCl, HNO3, HClO4 and H2SO4 (as indicated at the top) with eight different organic solvents (as 

indicated along the left side).  The SEM images of the structures formed using these different 

dopants and organic solvents are shown here along with an aqueous control (a1-d1) shown at the 

top.  Inset in (d7) shows the cross section of the porous sheet.  Insets in (a9), (c9) and (d9) are the 

corresponding TEM images illustrating the nanostructures’ hollow nature.  Scale bars = 1 µm.  

 

Organic solvents clearly play an important role in tuning the self-assembly conditions.  

Note that without any organic solvents in the system, only poorly defined, amorphous structures 

can be obtained (Fig. 3.8a1, b1, c1 and d1). Electrostatic interactions by themselves do not 

appear to be sufficient to shape doped tetraaniline into crystalline structures. Only the lower 

order morphology on the hierarchical assembly scheme (Fig. 3.7), i.e. nanofibers, can be formed 

in most cases.  However, when different organic solvents are used, distinct morphologies across 

all stages of the hierarchical assembly scheme can be produced for tetraaniline doped with the 

same acid.  For example, when HCl is used, high aspect ratio 1-D nanowires are obtained using 

ethanol, 2-propanol, or methanol as the organic phase (Fig. 3.8a2-a4); 2-D sheet-like structures 

form with DMSO (Fig. 3.8a6), while THF leads to 3-D micrometer-sized hollow spheres (Fig. 

3.8a9).  As the dopant is changed to HNO3, nanoribbons become the preferred morphology with 

a small amount of ethanol or 2-propanol (Fig. 3.8b2-b3).  Incorporation of methanol, 1-propanol, 

DMSO, DMF, or acetone leads to randomly stacked sheets, mostly in the 3-D flower-like form 
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(see Fig. 3.8b4-b8).  Only low aspect ratio nanofibers are observed when THF is used (Fig. 

3.8b9).  

A multitude of structures can be produced with HClO4.  Rigid and well-defined 3-D 

plates form using ethanol or 2-propanol as the organic solvent (Fig. 3.8c2-c3).  The plates in Fig. 

3.8c3 clearly reveal their origin, as a layered 2-D sheet architecture comprised of oriented arrays 

of 1-D nanofibers (highlighted by arrows in Fig. 3.8c3) can be observed, further supporting the 

proposed hierarchical assembly mechanism (Fig. 3.7).  With the same doping acid, crystalline 1-

D nanowires/fibers are obtained when either methanol or DMSO is chosen as the organic solvent 

(Fig. 3.8c4, c6), while 3-D morphologies such as porous, layered, or flower-like structures 

comprised of randomly stacked 2-D sheets form using 1-propanol, DMF, or acetone (Fig. 3.8c5, 

c7, c8).  Alternatively, THF leads to 3-D hollow spheres (Fig. 3.8c9).  Finally, with H2SO4 as the 

doping acid, 3-D flowers appear to be the preferred structures with most organic solvents tested 

(see Fig. 3.8d).  When THF is used, 3-D hollow flowers can be produced (Fig. 3.8d9), while 

DMF leads to rather flat, extended porous 3-D networks (Fig. 3.8d7).  The cross-section shown 

in the inset to Fig. 3.8d7 illustrates that such structures are, in fact, folded thin sheets oriented 

vertically.  1-D nanofibers are also possible if methanol is chosen as the organic solvent (Fig. 

3.8d4).  

To understand why such a small amount of organic solvent can have such a profound 

effect on the morphology of the tetraaniline, we dissolved the dedoped tetraaniline in its 

emeraldine base oxidation state in each of the eight different organic solvents used in Figure 4 to 

monitor the molecule-solvent interactions via absorption spectra.  A solvatochromism effect can 

be observed from the combined, normalized UV-vis plot as shown in Figure 3.9.  The peaks 

around 300 nm can be assigned to the π-π* transition.36  Tetraaniline dissolved in short-chain 
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alcohols including ethanol, 2-propanol, methanol, and 1-propanol has a π-π* transition at around 

310 nm.  DMSO and DMF cause this peak to red shift to 325 nm, while acetone and THF further 

moves the transition to higher wavelengths of ca. 328 and 340 nm, respectively.  The red shift of 

this absorption peak is often attributed to weaker intermolecular interactions as a more distorted 

π-π stacking makes lower-energy excitonic transitions allowable.46-48 To directly observe the 

effect of organic solvents on the aggregation of molecules, dedoped tetraaniline is dried out from 

each of these solvents.  The resulting solid morphologies are shown in Figure 3.10. Well-defined 

architectures such as nanospheres are obtained for tetraaniline dried from the alcohols in most 

cases (Fig. 3.10a-d), indicating stronger intermolecular aggregation in agreement with the 

conclusion from UV-vis.  On the other hand, the solvents leading to higher wavelength π-π* 

absorptions yield agglomerates without any defined structures in most cases (Fig. 3.10e-h), again 

indicating weaker intermolecular interactions, consistent with the evidence provided by the UV-

vis spectra.  The peaks at ~580 nm are responsible for the π-to-polaron band transition,36 and 

their positions also vary depending on the solvent.  In short-chain alcohols such as ethanol, 2-

proponal, and methanol, this transition appears around 590 nm, while for acetone or THF the 

transition occurs around 560 nm.  The onset of the peaks at longer wavelength suggests a lower 

π-to-polaron band transition energy, which corresponds to a more extended chain conformation 

that often leads to higher crystallinity and enhanced conductivity.21,36,49  Furthermore, it should 

be noted that the effect of the organic solvent obtained from the absorption spectra coincides 

with the SEM observations, as solvents that result in better π-π stacking and more extended chain 

conformation, such as ethanol, 2-propanol, and methanol, tend to result in more ordered and 

better-defined nanostructures (Fig. 3.8).  In addition, a preferred morphology is often associated 

with certain organic solvents. For example, methanol leads to 1-D wire/fiber structures 
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regardless of the doping acid (Fig. 3.8a4, b4, c4, d4).  Various forms of stacked sheets, mostly 

nanoflowers, can be obtained when using 1-propanol, DMF, or acetone, while different hollow 

structures including hollow spheres or hollow flowers tend to form when THF is chosen as the 

organic phase. Such observations suggest that the organic solvent molecules could have a 

structural guiding effect by interacting, and possibly forming complexes, with the tetraaniline 

molecules during self-assembly to shape their aggregates into a particular morphology.  Similar 

solvent templating behavior has been observed in other molecular systems.50-52 

 

Figure 3.9. Normalized UV-vis spectra of tetraaniline in its emeraldine base oxidation state 

dissolved in the eight organic solvents (0.167 mg/mL) used to produce morphologies in Fig. 4. 

The solvatochromism observed here indicates that tetraaniline molecules aggregate differently in 

these organic solvents: (a) ethanol, (b) 2-propanol, (c) methanol, (d) 1-propanol, (e) dimethyl 

sulfoxide (DMSO), (f) dimethylformamide (DMF), (g) acetone and (h) tetrahydrofuran (THF). 
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Figure 3.10. Different morphologies are obtained from bulk tetraaniline (EB) powder dissolved 

and then dried out from (a) ethanol, (b) 2-propanol, (c) methanol, (d) 1-propanol, (e) dimethyl 

sulfoxide (DMSO), (f) dimethylformamide (DMF); (g) acetone and (h) tetrahydrofuran (THF).  

Scale bar = 100 nm.   
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Different electrostatic interactions created by using selected protonic dopant acids when 

the organic solvent conditions are kept constant results in additional variation in nanostructures.  

This is evident by examining a row in Figure 3.8, e.g. compare Fig. 3.8a2, b2, c2, and d2.  

Therefore, by combining the electrostatic interactions provided by the dopants with hydrophobic 

and π-π interactions created using different organic solvents, a large library of nanostructures of 

all shapes and dimensions can be achieved from the hierarchical assembly (Fig. 3.8).  

Additionally, complex structures such as twisted coils (Fig. 3.11) are possible by varying other 

parameters, e.g. the self-assembly temperature. Such extensive morphological control has been 

hitherto difficult to achieve for organic materials. 

 

Figure 3.11. Complex coiled structures form from tetraaniline when the self-assembly process is 

carried out at low temperature (0 °C) using (a) HCl(aq.) and ethanol, or (b) HClO4(aq.) and ethanol.   

 

Furthermore, the sizes of these nanocrystals can be readily tuned by taking advantage of 

the unique intermolecular electrostatic repulsion properties of oligo/polyaniline.  Nanowires are 

the preferred morphology to form in the HCl/ethanol solvent system.  When 0.1 M HCl is used, 

individual nanowires are well dispersed in solution (Fig. 3.12a).  However, when the acid 

concentration is increased to 0.5 M or 1.0 M, bundles of nanowires are typically obtained (Fig. 
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3.12b, c and insets).  Similar effects are observed for the HNO3/ethanol (Fig. 3.12d-f) and the 

H2SO4/ethanol (Fig. 3.12j-l) systems, as lower acid concentration leads to smaller or less 

aggregated structures, while increased acidity results in larger or more aggregated architectures.  

Interestingly, an inverse trend is observed for the HClO4/ethanol system, as stacks of thicker 

nanoplates (thickness ~100-500 nm) form when a low concentration, 0.1 M HClO4 solution is 

used (Fig. 3.12g).  As the acid concentration increases to 0.5 M and 1.0 M, well-dispersed 

individual plates and thin, somewhat flexible plates become the preferred morphology, 

respectively (Fig. 3.12h, i).   

 



	  
	  

108 

Figure 3.12. In addition to controlling the crystal morphology, the feature size of each of the 

nanostructures can be further tuned by varying the solvent acidity.  The SEM images show the 

different sizes of the HCl-doped nanowires (a-c), the HNO3-doped nanoribbons (d-f), the HClO4-

doped nanoplates (g-i), and the H2SO4-doped nanoflowers (j-l) obtained using acid 

concentrations of 0.1 M, 0.5 M, and 1.0 M, respectively.  Scale bars: (a), (d)-(l), insets of (b) and 

(c) = 1 µm; (b) and (c) = 10 µm; inset of (h) = 100 nm.  

 

Such pH dependent crystal size control arises from the positive charges on the molecular 

chains of oligomers (e.g. tetraaniline) or polymers of aniline when in their emeraldine salt 

oxidation state and doped with a protonic acid.  The positive charges result in electrostatic 

repulsion between the doped tetraaniline molecules.  When the tetraaniline backbone is fully 

protonated, the maximum number of positive charges is obtained, leading to a strong 

intermolecular repulsion.21,49 Hence, discrete morphologies, such as individual, well-separated 

nanowires (in 0.1 M HCl/ethanol), short and fiber-like ribbons (in 0.1 M HNO3/ethanol), or 

micrometer-sized sheets (in 0.1 M H2SO4/ethanol) form as a smaller number of molecules 

aggregate to form crystals.  Excess protonic acid, i.e. when using a higher acid concentration, 

serves as islands of neutralization agents for the positive charges on the tetraaniline backbone.49  

This screening effect shields the positively charged tetraaniline molecules from each other, and 

thus decreases the repulsive forces in-between molecules.49,53  Therefore, a greater number of 

doped tetraaniline molecules can aggregate to form architectures that are larger in size, such as 

thicker and more rigid nanoribbons (in 1 M HNO3/ethanol), or bundles of nanostructures, such as 

nanowire bundles (in 1 M HCl/ethanol) and nanoflowers with many sheets/“petals” (in 1 M 

H2SO4/ethanol).  On the other hand, when the tetraaniline molecules are not fully protonated, an 
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insufficient amount of positive charge may not exert sufficient repulsions to keep the smaller 

features separated.  Hence, nanostructures with larger sizes (i.e. thicker plates) can be obtained.  

This may help explain the inverted trend in the HClO4/ethanol system in which lower acid 

concentration yields larger and more rigid structures.  The variance in trend with each acid 

system could be caused by the different types of electrostatic interactions associated with the 

different doping acids.  

 

3.3.5 Structure-property relationships 

Choosing the HClO4 doped system as an example, we attempted to quantify the 

crystallinity of the tetraaniline nanostructures produced with different organic solvents using 

powder X-ray diffraction (Fig. 3.13).  The three most dominant peaks in all diffraction patterns 

(19.1, 24.6, 26.3° 2θ) remain at the same positions for all morphologies.  The most intense peak 

at 19.1° 2θ corresponds to a d-spacing of 0.46 nm, which is the intermolecular packing distance 

with the dopant anion ClO4
- incorporated between adjacent chains.24,32,54  The peak at ~ 24.6° 2θ 

corresponds to the d-spacing of ~0.36 nm along the b-axis as shown in Figure 1h.  A π-π stacking 

distance of ~0.34 nm can be calculated from the peak at 26.3° 2θ and is typically observed in 

well ordered organic conducting crystals.9,54  When short chain alcohols such as ethanol, 2-

propanol, methanol, or 1-propanol are used as the organic solvent, the resulting nanostructures 

exhibit well-defined peaks with high intensity at these three 2θ positions in their XRD patterns 

(Fig. 3.13a-d).  DMSO, DMF, and acetone (Fig. 3.13e-g) lead to morphologies that show 

broader and less intense peaks at these positions.  The least crystalline structure with very weak 

diffraction patterns occurs when THF is used (Fig. 3.13h).  The crystallinity, as quantified by 
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XRD, is in good agreement with the direct observations from the SEM images in Figure 3.8, as 

ethanol and 2-propanol lead to well-defined nanoplates with sharp edges, which is an indication 

of higher crystallinity, while the hollow spheres grown from the THF/HClO4 (aq.) mixture appear 

to be amorphous in nature.   

 

Figure 3.13. Powder XRD patterns indicate that the different shapes of tetraaniline crystals 

doped with HClO4 but assembled using (a) ethanol, (b) 2-propanol, (c) methanol, (d) 1-propanol, 

(e) DMSO, (f) DMF, (g) acetone and (h) THF (Figure 4, c2-c9) possess the same 2θ positions for 

the three most intense characteristic peaks, but different levels of crystallinity and variations in 

some other peaks.   
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In addition to the three dominant, characteristic peaks, several peaks including those at 

~4.4°, 8.5°, 10.0°, 10.9°, 19.6° and 29.1° 2θ appear with increasing nanostructure crystallinity, 

while others such as the ~18.5° 2θ peak in Fig. 3.13e cannot be observed in other spectra.  

Therefore, it is possible that these morphologies obtained with the same dopant yet different 

organic solvents share a similar crystal structure, but with some variation in packing 

arrangement.  The detailed structural information is under active investigation.   

 

 

3.4 Conclusion  

We have demonstrated that single crystals of doped tetraaniline with different shapes and 

sizes can be produced through a simple self-assembly process.  Detailed mechanistic studies and 

AFM measurements suggest that simple features such as 1-D nanofibers can aggregate into 

higher order architectures such as 2-D nanoribbons or 3-D nanoplates.  Further morphological 

and dimensional control is readily achieved by tuning (1) the shape of the nucleation centers, and 

(2) the non-covalent interactions including electrostatic, hydrophobic, and π-π interactions.  

Monitoring the interactions between the dedoped tetraaniline and the organic solvent via 

absorption studies can assist in the selection of a suitable organic phase for achieving a preferred 

morphology or crystallinity.  The sizes of the crystals can be further tuned by controlling the 

degree of aggregation.  The library of doped crystalline tetraaniline nanostructures reported here 

can serve as a basis for extensive structure-property relationship investigations. With inorganic 

conductors, this type of information has enabled many structure-dependent applications, 

including catalysis and plasmonic enhancement,39 but it has been difficult to achieve with their 

organic counterparts partly due to the challenge in generating a large variety of supramolecular 
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structures.  We have established a correlation between the crystallinity of the oligoaniline 

crystals with their morphologies and dimensions in this report and are currently examining other 

structure-property relationships.   
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Chapter 4. Graphene-assisted solution growth of vertically-oriented organic 

semiconducting single crystals 

 

Vertically oriented structures of conductors and semiconductors, especially single 

crystals, are of great technological importance due to their directional and rapid charge carrier 

transport, high device density, interesting optical properties, and light trapping capabilities.1, 2, 3, 4 

However, creating such architectures for organic electronic materials remains challenging and 

largely limited to template-guided methods, which do not provide crystallographic orientational 

alignment and require harsh chemical conditions for template removal.5, 6, 7  Here, we report a 

facile, solution-based route for “bottom-up” production of highly oriented, vertical arrays of 

single crystalline conjugated molecules by employing a layer of graphene as a guiding substrate.  

The arrays exhibit uniform morphological and crystallographic orientations. Using an 

oligoaniline as an example, we demonstrate this method to be highly versatile in controlling the 

nucleation densities, crystal sizes and orientations.  Furthermore, these vertical crystals can be 

precisely deposited at desired locations by patterning the graphene substrate.  Elucidation of 

anisotropic transport properties within a single crystal reveals that charge carriers travel most 

efficiently along the vertical interfacial stacking direction with a conductivity of 12.3 S/cm, the 

highest reported to date for an aniline oligomer, largely owing to the intimate contact between 

graphene and the oligomer crystals.  Finally, we demonstrate that the current from individual 

crystals can be harnessed collectively over large areas, illustrating its promise for both micro- 

and macro-scopic device applications.   
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4.1 Introduction 

 Conjugated materials including semiconducting or conducting polymers and small 

molecules have garnered a tremendous amount of attention in recent years largely due to their 

tunable properties and mechanical flexibility.8, 9  In particular, solution-processable conjugated 

materials hold great promise in realizing next-generation electronic and optoelectronic devices 

because of their compatibility with low-cost processing methods such as spray-coating and roll-

to-roll printing.10  Single crystals of these materials are of particular interest as they possess the 

long-range order necessary to allow the intrinsic transport limits to be realized.11, 12  In order to 

achieve large area, high-density device arrays with high throughput, it is crucial to align these 

single crystals.12, 13, 14  

Various approaches for producing single crystals oriented parallel with respect to the 

substrate have led to groundbreaking performances in devices that require 1-D or 2-D transport 

such as field-effect transistors.12, 13, 15 On the other hand, for applications that benefit from high 

surface area and directional transport in the vertical direction such as solar cells and sensors, it is 

crucial to orient the single crystals perpendicular (with respect to the substrate) in high density.1, 

2, 4  A myriad of “top-down” and “bottom-up” techniques have been developed to achieve such 

vertical orientation for inorganic materials. Various fields including photovoltaics, vertical 

transistor arrays, energy-storage devices, self-powered generators, and intercellular interfacing 

benefited greatly from these structures and have resulted in technological breakthroughs.1, 16, 17, 

18, 19  However, approaches for creating such structures for organic materials remain sparse and 

rely mainly on the guidance of an external template.5, 6, 7  This process generally requires harsh 

conditions for template removal, which are detrimental to the delicate conjugated materials, in 
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order to liberate the vertical arrays.  Hence, it is highly desirable to develop a template-free 

method for producing vertically oriented single crystals for soluble conjugated materials.  Here, 

we report a “bottom-up” growth of vertically oriented single crystal arrays of various conjugated 

materials with a one-step, low cost, solution-based method by using a layer of graphene as the 

substrate.  The crystal arrays possess excellent morphological and crystallographic orientation 

with the most efficient π-π stacking carrier transport direction perpendicular to the graphene 

substrate, which is desirable for the aforementioned applications.  The intimate contact between 

the TANI crystal and graphene as a result of the direct “bottom-up” growth leads to a 

conductivity of 12.3 S/cm along the interfacial stacking direction, one order of magnitude greater 

than the highest previously reported value.   

 

4.2 Experimental  

4.2.1 Materials and synthesis 

Phenyl/phenyl-capped tetraaniline and octaaniline were synthesized by a condensation 

reaction under an inert atmosphere via a previously reported route.21  Sexithiophene and bis(N-

carbozolyl) biphenyl were purchased from Sigma-Aldrich and used without further purification.  

CVD graphene was grown as previously reported.44, 45  Briefly, a 25 µm thick copper foil was 

electropolished, rolled into a tube and annealed under a 5/95% H2/Ar environment at 1070 °C for 

20 min. The temperature was then decreased to 1050 °C and methane was introduced for 30 min. 

The furnace was rapidly cooled and the resulting graphene film was wet transferred44, 45 using 

polylactic acid (Purac biomaterials) onto a p++-SiO2/Si wafer.  Raman spectroscopy shows the 
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characteristic G and 2D peaks at a 1:4 ratio of the transferred graphene, indicates it is a single-

layer (Fig. 4.1).   

 

Figure 4.1. Raman of the CVD graphene after transferring to the SiO2/Si substrate.   

 

4.2.2 Crystallization 

 Crystallization experiments were carried out in a covered Pyrex© Petri dish under 

ambient atmosphere.  In brief, the covered glass Petri dish is filled with a non-solvent (i.e. the 

infiltrating solvent) for the conjugated molecule of interest. The graphene-covered SiO2/Si 

substrate is raised above the liquid level by a thick glass stage. The center graphene-covered area 

is visible from the slight difference in contrast from the substrate. The tetraaniline solution is 

drop-cast onto the substrate.  As the vapor of the non-solvent saturates the closed container and 

infiltrates into the solution droplet, supersaturation for tetraaniline is reached. Tetraaniline 

selectively nucleates on the graphene-covered area and grows vertically with respect to the 

substrate due to the strong pi-pi interactions. The solution on the substrate becomes lighter in 

color and eventually clear as the crystallization process proceeds.  For a piece of sample that is 
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approximately 1 × 1.5 cm2 in size, the solvent dries and the crystallization is complete in about 2 

hours. (Fig. 4.2).   

 

Figure 4.2. Photographs depicting the crystallization process.   

 

4.2.3 Microscopy  

 Optical microscope and scanning electron microscope (SEM) images were collected on a 

Zeiss Axiotech Materials Microscope and JEOL-JSM-6700 field emission SEM, respectively.  

For the undoped samples, a 2 nm layer of platinum was sputtered onto the sample surface to 

reduce charging.  Transmission electron microscope (TEM) samples were prepared by brushing 

a TEM grid against the wafer surface to mechanically transfer the crystals.  TEM imaging and 

selected area electron diffraction (SAED) were performed on a FEI Tecnai G2 TF20 TEM 

operated at 200 kV.  SAED patterns were collected on multiple areas on each crystal, which 

showed identical patterns that confirmed their single crystalline nature.  Multiple crystals were 

analyzed for each sample and reproducible results were obtained.  Powder XRD spectra were 
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collected on a Panalytical X’Pert Pro X-ray powder diffractometer using Cu Kα radiation with a 

wavelength of 0.15418 nm at a scan rate of 4.0° /min.   

 

4.2.4 Theoretical calculations 

 Tight-binding density functional theory (DFTB) calculations were performed to identify 

the preferred orientation of the tetraaniline molecular precursors on graphene. The electronic 

structure of the graphene-tetraaniline complex and stacking energy of tetraaniline molecules 

were calculated to identify the potential significance of the vertical growth direction. The 

calculations were performed using a periodic graphene sheet with a vacuum layer. The binding 

energies and conformations of tetraaniline molecules were calculated. The calculations are 

relatively large with more than 500 atoms in the computational domain and calculated using 

DFTB with sparse matrix parallelization as implemented in the DFTB+ code. The CHNO 

parameters used for the tetraaniline were tested using higher-level DFT calculations as 

implemented in atom-centered all-electron DFT calculations using DMOL. The DFTB+ method 

was able to produce an accurate description of conjugation and bond distances for tertraaniline 

molecules in comparison to higher-level DFT calculations.  

 

4.2.5 Conductive AFM measurements 

Atomic force microscopy (AFM) was carried out using the Bruker Dimension Icon 

Scanning Probe Microscope under ambient conditions. Topographic imaging was reproduced 

from multiple samples in the PeakForce TappingTM mode using silicon nitride cantilevers 
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(ScanAsyst-AIR, Bruker) with nominal spring constants of 0.4 N/m, first longitudinal resonance 

frequencies between 45-95 kHz, and nominal tip radii of ~2 nm. Images were processed by 

simple low-pass filtering and first-order plane fitting. Local I-V spectra were acquired by 

conductive AFM (cAFM) using the Bruker Extended TUNA applications module. Pt-Ir coated 

silicon cantilevers (SCM-PIC, Bruker) with calibrated spring constants between 0.12-0.15 N/m, 

first longitudinal resonance frequencies between 11.5-13 kHz, and nominal tip radii of <25 nm 

were used in PeakForce TappingTM mode in order to provide quantitative control over the 

applied force, thereby reducing sample perturbations during the measurement. Bias voltage 

sweeps were applied to each sample with respect to a virtually grounded cAFM probe tip at rate 

of 0.25 V/s over the range of interest, while maintaining a constant applied force throughout by 

means of the feedback loop. The reported I-V characteristics were stable with repeated positive 

and negative bias sweeps and were the average of 20 I-V curves taken at various positions on 

different crystals for each sample.   

 

4.2.6 Graphene/vertical crystals/graphene sandwich devices 

Graphene/tetraaniline vertical crystal arrays/graphene sandwiched devices were 

fabricated by (1) depositing a strip of graphene, (2) defining Ti/Au contacts using a shadow mask 

followed by e-beam evaporation, (3) crystallizing tetraaniline, and (4) depositing a top bi-layer 

graphene electrode (Fig. 4.3).  I-V curves for these devices were obtained on a standard probe 

station.   
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Figure 4.3. (a) Fabrication steps for the graphene/TANI/graphene sandwiched devices. (b, c) 

SEM images showing when a single layer of CVD graphene is laminated on top of the crystal 

arrays as the top electrode, as compared to (d, e) when two layers of graphene are used.   
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4.2.7 Patterning of vertical crystal arrays 

Patterning of graphene was carried out using photolithography. AZ 5214 photoresist was 

spin-coated onto graphene-covered SiO2/Si substrates at 3500 rpm. A photomask was aligned 

using a Karl Suss MA6 aligner followed by 6 sec of UV exposure at an intensity of 8 mW. After 

developing the photoresist in the AZ Developer, the exposed graphene area was etched using an 

O2 plasma in a Tegal Plasmaline Asher at 100 W for 60 sec. The remaining photoresist was then 

stripped away using acetone followed by baking at 450 °C for 1 h under flowing Ar.   

 

4.3 Results & Discussion 

4.3.1 Vertical crystallization on graphene 

 Tetraaniline (TANI) was chosen as a representative molecule for exploring graphene-

assisted vertical crystallization since its monodispersity allows TANI to serve as a good model 

system for the crystallization of polyaniline, a benchmark conducting polymer.20, 21, 22 In a 

crystallization process, a loosely covered container is filled with a non-solvent for TANI, such as 

n-hexane.  A TANI solution is dropped onto a SiO2/Si substrate coated with a single layer of 

chemical vapor deposited (CVD) graphene23 raised above the n-hexane liquid level (Fig. 4.4a).  

The vapor of the non-solvent saturates the closed chamber and infiltrates into the TANI solution, 

creating supersaturation which induces crystallization.  The crystallization event is illustrated in 

Fig. 4.2.  At the end of the process where all solvent has been evaporated, dark colored TANI 

can be observed localized on the graphene-covered area, while the bare SiO2 area remains intact 

(Fig. 4.4b).  A cross-polarized optical micrograph further illustrates the high nucleation affinity 



	  
	  

126 

of TANI on graphene as evidenced by a sharp interface between the graphene and SiO2 surfaces 

where the strongly birefringent tetraaniline crystals are only observed on graphene (Fig. 4.4c).  

SEM analysis reveals these crystals are oriented vertically with respect to graphene and exhibit 

uniform morphological orientation and height (Fig. 4.4d and additional images in Fig. 4.5).  The 

nucleation density of these crystals can be readily controlled by varying the solution 

concentration (Fig. 4.4e and 4.6).  For instance, 2-propanol solutions of TANI with 

concentrations of 0.5, 1.0, 1.5, and 2.0 mg/mL lead to nucleation densities of 2, 3, 5, 10 crystals 

per square micrometer while the crystal height and size remain constant (Fig. 4.4e).   

 

Figure 4.4. Crystallization of tetraaniline on graphene. (a) Vapor-infiltration setup used for the 

experiments. (b) A graphene-coated SiO2/Si wafer before (top panel) and after (bottom panel) the 

crystallization of tetraaniline. (c) Polarized optical microscope image showing the SiO2/graphene 

interface where crystals only grow on the graphene-covered areas. (d) SEM image showing the 

plate-shaped tetraaniline crystals are oriented vertically on graphene. (e) Control of crystal 

nucleation density by varying solution concentration. (f) Top-view electron diffraction pattern of 
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a vertical plate (shown in inset) transferred to a TEM grid. (g) Powder XRD pattern of the crystal 

arrays. (h) Proposed packing arrangement for the tetraaniline crystals obtained from SAED and 

XRD information. (i) DFTB modeling illustrates the electron density overlap between two 

tetraaniline molecules and graphene leading to the preferred face-on orientation. (j) Size control 

of the crystals achieved by using different solvents. (k) Correlation between solubility and 

nucleation density of the crystals. (l) Control over the orientation of tetraaniline crystals on 

graphene: horizontal crystals are obtained by using an aromatic infiltrating solvent. Inset shows 

the corresponding SAED pattern.  

 

Figure 4.5. Additional SEM images obtained at different magnifications showing the vertically 

oriented tetraaniline crystals grown on graphene.   
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Figure 4.6. SEM images demonstrating control of the deposition density of vertical crystals by 

varying the solution concentration from (a) 0.5, (b) 1.0, (C) 1.5, to (d) 2.0 mg/mL.   

 

4.3.2 Crystallographic orientation  

In order to decipher the crystallographic information, several crystals were transferred to 

TEM grids for selected area electron diffraction (SAED) analysis.  The electron diffraction 

pattern of a plate laying flat on a TEM grid (Fig. 4.4f) shows sharp Bragg spots, indicating these 

plates are single crystals.  A (020) d-spacing of 0.39 nm is obtained, suggesting that the 

tetraaniline molecules π-stack parallel to the graphene substrate along the long-axis of the 

crystals.  In combination with the cross-sectional SAED pattern (Fig. 4.7), a packing model has 

been developed for tetraaniline on graphene with the (100), (010), and (001) d-spacings of 0.68, 

0.78, and 2.40 nm, respectively (Fig. 4.4h).   
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Figure 4.7. Selective area electron diffraction (SAED) patterns taken perpendicular to (a) the 

face and (b) the edge of tetraaniline plates grown vertically on graphene.   

 

When a large-area crystal array (~1 cm2) was analyzed by powder XRD, only one intense 

peak at 23.8° 2θ was observed (Fig. 4.4f), which corresponds to a d-spacing of 0.39 nm.  This 

value is in agreement with the (020) spacing obtained from SAED, which indicates that all 

molecules are uniformly π-stacked along the vertical direction in each crystal over a large area.  

These results suggest that unlike the conventional template-guided methods, which provide 

alignment for the supramolecular morphology yet offer little control over the molecular packing 

direction,5, 6, 7 our graphene-assisted approach exerts both excellent morphological and 

crystallographic orientational control.  For anisotropic materials such as organic semiconductor 

crystals, uniform orientation in solid-state packing is crucial for achieving stable and consistent 

device performance at the macroscopic scale toward important applications such as solar cells 

and sensors.1, 2, 4  
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4.3.3 Mechanism for vertical growth 

In order to understand the mechanism behind the graphene-assisted crystallization, we 

performed experimental and theoretical investigations into (1) the surface requirements, (2) the 

energetics in binding affinity, and (3) the influence of the solvent system.   

To exploit the surface requirement, mechanically exfoliated graphene,24 chemically 

converted graphene (CCG),25 and laser scribed graphene (LSG)26 were transferred onto SiO2/Si 

substrates for tetraaniline crystallization, to compare with CVD-grown graphene23 (Fig. 4.8).  

Among these, oriented vertical crystal arrays grow selectively on the mechanically exfoliated 

graphene flakes, in a fashion identical to that on CVD graphene.  On the other hand, clusters of 

crystals form when CCG or LSG serve as the substrate, similar to crystallization on conventional 

surfaces such as SiO2.  The crystallization does not show any selectivity in nucleation sites when 

either CCG or LSG and SiO2 surfaces are present.  It has been well established that CVD-grown 

and peeled graphene both possess a fully sp2 conjugated carbon lattice,23, 24, 27 whereas a small 

amount of oxygenated groups remain on the basal plane of the graphene sheets reduced from 

graphene oxide either chemically (CCG) or photothermally (LSG).25, 26  Therefore, an atomically 

homogeneous and defect-free sp2 hybridized surface is crucial for achieving vertical 

crystallization of conjugated compounds such as tetraaniline.  It provides preferred orbital, 

electronic density and dipole overlap at the interface between the substrate and the molecules, 

which has been demonstrated to be crucial factors for controlling the orientation of organic 

molecules adsorbed on a substrate.28, 29  In fact, tight-binding density functional theory (DFTB) 

calculations indicate that TANI adsorbs on graphene favorably in a face-on orientation.  This 

configuration provides the strongest overlap of electron densities between the two, while 
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minimizing the repulsive interactions (Fig. 4.4i).  The binding energy is calculated to be 68 

kcal/mol, which indicates an off-centered overlap of the π-electrons of graphene and tetraaniline.  

Since the preferred orientation between tetraaniline and graphene is face-on, and crystals of 

conjugated molecules tend to grow along their π-π stacking direction, tetraaniline crystals grow 

vertically from the graphene-coated substrate with the π-π stacking direction perpendicular to 

graphene.   

 

Figure 4.8. SEM images showing crystals formed on (a) mechanically exfoliated graphene, (b) 

chemically converted graphene, and (c) laser scribed graphene.   

 

 In addition to the surface and energetic factors, both the solvation and infiltrating solvents 

play important roles in dictating the preferred nucleation and controlling the orientation of 

tetraaniline crystal growth on graphene. Tetraaniline is soluble in a variety of polar solvents.  

These solutions were cast onto graphene coated SiO2/Si substrates for tetraaniline crystallization 

(Table 4.1).  We observed that when the solvent has a dielectric constant that is less than or 

equal to that of 1-propanol, arrays of vertical crystals form selectively on the graphene-coated 

area.  Such solvents include 1-propanol, 2-propanol, dichloromethane, tetrahydrofuran, and 
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chloroform (Table 4.1 and Fig. 4.9).30  On the other hand, when the solvation solvent’s dielectric 

constant is greater than that of 1-propanol, e.g. acetone, ethanol, methanol, acetonitrile, and 

dimethyl sulfoxide,30 randomly oriented clusters of crystals form all over the substrate, without 

selectivity for the graphene-coated area (Table 4.1 and Fig. 4.10).  As graphene is a non-polar 

surface,31 solvents with lower dielectric constant wet it better.  Hence, it is important to select 

such a solvent to ensure thorough wetting of the graphene-covered area when supersaturation is 

reached, so that preferred nucleation of tetraaniline can occur directly on graphene.  Conversely, 

more polar solvents, e.g. ethanol, acetonitrile, etc., do not favorably wet the non-polar graphene 

surface.  In fact, as the solvent evaporates, the remaining droplet tends to migrate away from 

graphene to the SiO2 area.   As a result, large clusters of crystals form on the SiO2 substrate, 

while the deposition density on graphene remains low.   

 

Table 4.1. Solvent Properties for Vertical Crystallization of Tetraaniline  
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a Solvents with a dielectric constant lower than 20.1 leads to tetraaniline crystals to grow 

vertically, while those with dielectric constant higher than 20.6 results in clusters of crystals 

randomly deposited on both graphene and SiO2 areas. b Other solvent properties including 

boiling point, vapor pressure, and surface tension do not appear to have a controlling effect on 

the orientation of crystal growth. 

 

 

Figure 4.9. Tilted SEM images of vertical tetraaniline crystal arrays obtained by using (a) 

chloroform, (b) dichloromethane, (c) tetrahydrofuran, (d) 2-propanol, and (e) 1-propanol as the 

solvation solvent.   
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Figure 4.10. SEM images of tetraaniline assemblies formed on graphene by using (a) acetone, 

(b) ethanol, (c) methanol, (d) acetonitrile, and (e) dimethyl sulfoxide as the solvation solvent.   

 

 The solvation solvent also offers control over the nucleation density and crystal size of 

the vertical crystal arrays.  As shown in Fig. 4.4j, crystals of different sizes can be obtained by 

using different solvents at the same concentration (e.g. 2 mg/mL), with larger crystals 

corresponding to lower nucleation density, and smaller ones to higher nucleation density (Fig. 

4.9).  Plotting the solubility of TANI in these solvents against their nucleation density reveals a 

nearly inverse proportional relationship (Fig. 4.4k).  Since the TANI concentration is close to 

saturation in solvents such as 1-propanol or 2-propanol, supersaturation is reached soon after n-

hexane begins to infiltrate, resulting in rapid nucleation that leads to a larger number of smaller 

crystals.  Conversely, a longer non-solvent infiltration period is needed to induce supersaturation 

for solvent systems in which TANI is more soluble (i.e. DCM, THF, chloroform).  Therefore, a 

slower nucleation process is created, which leads to larger crystals with lower nucleation 

densities.32   
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4.3.4 Orientation control 

 The ability to manipulate crystal orientations on a certain substrate is crucial for 

expanding the realm of device applications.  Here, we demonstrate that the orientation of the 

tetraaniline crystals on graphene can be controlled by the choice of infiltrating solvents (Fig. 

4.11).  Hydrocarbon infiltrating solvents with suitable solvation properties lead to vertical crystal 

growth (Fig. 4.12).  On the other hand, aromatic infiltrating solvents (e.g. benzene or toluene) 

result in tetraaniline crystal growth in a horizontal orientation, i.e. parallel to the graphene 

substrate (Fig. 4.4l, 4.13, and Table 4.2).  SAED patterns of such crystals reveal the π-π stacking 

direction to be along their long-axis, which is now parallel with respect to graphene (inset to Fig. 

4.4l).  As shown by the DFTB calculations (Fig. 4.4i), the vertical growth of the conjugated 

tetraaniline crystals is likely due to the strong affinity for the molecules to bind in a face-on 

configuration with respect to graphene due to the strong electron density overlap.  However, 

aromatic molecules such as benzene also have a high binding affinity for graphene. DFTB 

calculations show that benzene adsorbs strongly on the graphene surface with an energy of ~17 

kcal/mol per benzene molecule.  The nucleation sites available for tetraaniline depend on the 

surface coverage level.  At half or even a quarter of a monolayer coverage of a graphene surface 

by benzene, the probability of tetraaniline adsorbing in a face-on configuration is severely 

reduced.  Although tetraaniline is adsorbed at 68 kcal/mol per molecule according to DFTB 

calculations, the kinetics of face-on adsorption become unfavorable due to the high solvent-to-

tetraaniline ratio.  Thus, tetraaniline molecules stack more favorably in an edge-on fashion, 

which in turn alters the crystal growth direction and leads to the horizontal orientation.  
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Figure 4.11. (a) An AFM image of tetraaniline crystals lying horizontally on graphene by using 

an aromatic infiltrating solvent. (b) Height profiles of the line scans indicated in (a), and (c) 

histogram of the sample height within the scanned area. (d-f) illustrate the AFM image, line scan 

height profile, and height histogram, respectively, for a vertically oriented sample.  
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Figure 4.12. Tilted SEM images of tetraaniline crystallized on graphene using (a) n-pentane, (b) 

n-hexane, (c) n-heptane, (d) n-octane, (e) cyclopentane and (f) cyclohexane as the infiltrating 

solvent.  All these hydrocarbon solvents lead to vertically oriented crystal arrays.   
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Figure 4.13. SEM images illustrating that when an aromatic solvent such as (a-b) benzene, (c-d) 

toluene, or (e-f) xylene is used as the infiltrating solvent, the crystals lie horizontal with respect 

to the graphene substrate.  Inset in (b) is an electron diffraction pattern of a horizontal crystal, 

which shows an identical diffraction pattern as those grown vertically on graphene when a non-

aromatic hydrocarbon infiltrating solvent was used.   
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Table 4.2. Properties for the Infiltrating Solvents Tested  

 

 

4.3.5 Conductive-AFM measurements 

 Control over the tetraaniline crystal orientation on graphene offers the opportunity to 

examine its anisotropic electrical transport properties along different crystallographic axes.  

Transport properties along the interfacial stacking direction (i.e. the b-axis) can be measured 

using conductive atomic force microscopy (cAFM), where a metallic AFM tip serves as the top 

electrode contact to the apex of a vertical crystal in combination with the graphene substrate as 

the bottom electrode (Fig. 4.14a, 4.15).  Conversely, use of an identical electrode configuration 

on crystals grown horizontally with respect to the graphene substrate enables study of the 

transport properties along the oligomer backbone (i.e. the c-axis) (Fig. 4.11c, 4.15). Topographic 

AFM images of vertical and horizontal crystals on graphene shown in Fig. 4.14b and d, 
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respectively, enabled precise positioning the top electrode for electrical characterization as well 

as a direct measure of cross-sectional heights employed in subsequent analyses.   

 

Figure 4.14. Anisotropic electrical properties of the tetraaniline crystals grown on graphene. (a) 

Schematic of the conductive-AFM measurement setup for the vertical crystals probing current 

along the b-axis. (b) Topographic AFM image of a high density array of the tetraaniline vertical 

crystals. (c) Schematic of the conductive-AFM measurement setup for the horizontal crystals 

where the transport along the c-axis can be obtained. (d) Topographic AFM image of a crystal 

laying horizontally on graphene. (e) Different conductivity values along the different 

crystallographic axes. (f) and (g) Schematics showing the top view (f) and the cross-sectional 

view (g) of the graphene/tetraaniline array/graphene (Gr/TANI/Gr) sandwich device. (h) SEM 

image showing the top graphene electrode laminated on top of the vertical crystals. Inset 

illustrates a more magnified view at an edge of the top graphene layer. (i) Typical I-V curves 
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obtained for undoped crystals, a single vertical plate and a single horizontal plate after vapor 

doping. Inset has a smaller current scale showing the lower current for the horizontal plates. (j) I-

V plots of the Gr/TANI/Gr sandwiched devices.  

 

 

Figure 4.15. (a) An AFM image of tetraaniline crystals lying horizontally on graphene by using 

an aromatic infiltrating solvent. (b) Height profiles of the line scans indicated in (a), and (c) 

histogram of the sample height within the scanned area. (d-f) illustrate the AFM image, line scan 

height profile, and height histogram, respectively, for a vertically oriented sample.  
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 Current-voltage (I-V) spectra acquired via cAFM are shown in Fig. 4.14i.  An insulating 

baseline was obtained for the as-grown, undoped crystals regardless of orientation (blue 

triangles).  Upon acid doping (e.g. HCl vapor), the measured current increased by over six orders 

of magnitude (black squares) for the vertically oriented crystals, corresponding to a conductivity 

of ~12.3 S/cm.  The cAFM analysis is shown in Fig. 4.15 and the detailed calculations are 

illustrated below with schematics presented in Fig. 4.16-4.17).   

The conductivity values of the crystals along the b- and c-axes were calculated from the 

I-V curves obtained from conductive AFM (cAFM) measurements using the equations below 

unless stated otherwise:  

𝑅 =
𝑉
𝐼  

𝜌 = 𝑅 ∙
𝑤 ∙ 𝑡
𝑙 =   𝑅 ∙

𝐴
𝑙  

𝜎 =
1
𝜌 

where, R is resistance, V is voltage, I is current, ρ is resistivity, w is channel width, t is channel 

thickness, l is channel length, A is channel cross-sectional area, and σ is conductivity.  The 

conductivity values shown below are the average of 20 measurements for each sample.   

 

Vertical Crystals:  

 In the cAFM measurements, the Pt/Ir-coated AFM tip serves as the top electrode and the 

graphene layer as the bottom electrode.  For a crystal standing vertically on graphene, the current 
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along the vertical b-axis can be probed through this configuration (Fig. 4.14a).  There are two 

possibilities for the carriers to travel between the electrodes, shown in Fig. 4.16a and b.  Since 

carriers prefer to travel through the path with the least resistance, the pathway shown in Fig. 

4.16a will be preferred if the b-axis (i.e. the interfacial stacking direction) is more conductive 

than the other crystallographic directions.  Alternatively, if the conductivity along other 

crystallographic axes are higher, the carriers are more likely to travel as illustrated in Fig. 4.16b.  

Conductivity values are calculated for both scenarios below, and are found to be 12.3 and 1.81 

S/cm for the pathways shown in Fig. 4.16a and b, respectively.   

• AFM tip area (AAFM) = 1.256 × 103 nm2 (AFM tip diameter = 20 nm) 

• Crystal base area (Acryst) = wavg × tavg = (530 nm) × (52 nm) = 2.756 × 104 nm2  

• Crystal average height (lavg) = 1100 nm 

• Average resistance from 20 measurements: Ravg = (7.141±0.468) × 105 Ω  

 

 

Figure 4.16. Schematic of the two possibilities for carriers to travel between the top AFM tip 

and bottom graphene electrodes.  (a) If the conductivity along the b-axis is significantly higher 

than the other axes.  (b) If the conductivity is higher along other axes.  The red arrow lines 
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represent the travel pathway of carriers from the conductive AFM tip to the bottom graphene 

layer.   

 

Assuming preferred carrier transport pathway as shown in Fig. 4.16a:  

𝜌! = 𝑅!"# ∙
𝐴!"#
𝑙!"#

= 7.141± 0.468 ×10!Ω ∙
1.256×10!  𝑛𝑚!

1100  𝑛𝑚 ∙
1  𝑐𝑚
10!  𝑛𝑚

= 0.0815± 0.0053  Ω ∙ cm 

𝜎! =
1
𝜌!
= 12.3± 1.1  𝑆/𝑐𝑚 

 

Assuming preferred carrier transport pathway as shown in Fig. 4.16b:  

 

𝑅! = 𝜌! ∙
𝐿
𝐴 

𝐴 − 𝐴!"#
𝐴�!"#$ − 𝐴!"#

=
𝑋
𝐿     ⟶     𝐴 − 𝐴!"# =

𝐴!"#$% − 𝐴!"#
𝐿 ∙ 𝑋 
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𝑑𝑅 = 𝜌 ∙
𝑑𝑥

𝐴!"# +
𝐴!"#$% − 𝐴!"#

𝐿 ∙ 𝑋
;𝑑𝑒𝑓𝑖𝑛𝑒  𝑎 =   𝐴!"# , 𝑏 =

𝐴!"#$% − 𝐴!"#
𝐿  

𝑑𝑅 = 𝜌 ∙
𝑑𝑥

𝑎 + 𝑏𝑋 

𝑅 = 𝑑𝑅 = 𝜌 ∙
𝑑𝑥

𝑎 + 𝑏𝑋

!

!

!

!

= 𝜌 ∙
1
𝑏 ∙ ln 𝑎 + 𝑏𝑋 ]!! = 𝜌 ∙

1
𝑏 ∙ [ln 𝑎 + 𝑏𝐿 − ln𝑎] 

        = 𝜌 ∙
𝐿

𝐴!"#$% − 𝐴!"#
∙ (ln𝐴!"#$% − ln𝐴!"#) 

∴ 𝝆𝟐 = 𝑹𝟐 ∙
𝑨𝒄𝒓𝒚𝒔𝒕 − 𝑨𝑨𝑭𝑴

𝑳 ∙ (𝐥𝐧𝑨𝒄𝒓𝒚𝒔𝒕 − 𝐥𝐧𝑨�𝑭𝑴)
 

        = 7.141± 0.468 ×10!  Ω ∙ !"#$%  !!!!!"#$  !!!

!!""  !" ∙ !" !"#$%!!" !"#$
∙ !  !"

!"!!"
= 0.553  Ω ∙ cm 

𝜎! =
1
𝜌!
=

1
0.553  Ω ∙ 𝑐𝑚 = 1.81± 0.15  𝑆/𝑐𝑚 

 

Horizontal Crystals:  

 When the same cAFM configuration is applied to the crystals lying horizontally on 

graphene, the conductivity along the c-axis can be studied.  Again, two scenarios arise as shown 

in Fig. 4.17.  If the c-axis is the most conductive direction, carriers will predominately travel 

vertically as shown in Fig. 4.17a.  However, if other axes are more conductive, the scenario 

shown in Fig. 4.17b will predominate, and the value calculated using (a) will be an over-

estimation.   
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• AFM tip area (AAFM) = 1.256 × 103 nm2 (AFM tip diameter = 20 nm) 

• Crystal area (Acryst) = wavg × tavg = (2.2 µm) × (1 µm) = 2.2 µm2  

• Crystal average thickness (lavg) = 35 nm = 3.5×10-2 µm  

• Average resistance from 20 measurements: Ravg = (2.640±1.640) × 109 Ω  

 

 

Figure 4.17. Schematic of the two possibilities for carriers to travel between the top AFM tip 

and bottom graphene electrodes on a horizontal crystal:  (a) If the conductivity along the c-axis is 

significantly higher than the other axes;  (b) If the conductivity is higher along other axes.  The 

red arrow lines represent the travel pathway for carriers from the conductive AFM tip to the 

bottom graphene layer.   

 

Assuming preferred carrier transport pathway as shown in Fig. 4.17a:  

𝜌! = 𝑅!"# ∙
𝐴!"#
𝑙!"#

= 2.640± 1.640 ×10!Ω ∙
1.256×10!  𝑛𝑚!

35  𝑛𝑚 ∙
1  𝑐𝑚
10!  𝑛𝑚

= (9.474± 5.873)×10!  Ω ∙ cm 
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𝜎! =
1
𝜌!
= (1.06± 0.65)×10!!  𝑆/𝑐𝑚 

 

Assuming preferred carrier transport pathway as shown in Fig. 4.17b:  

Area (A) = Acryst = 2.2  𝜇𝑚! 

𝜌! = 𝑅!"# ∙
𝐴!"#$%
𝑙!"#

= 2.640± 1.640 ×10!Ω ∙
2.2  𝜇𝑚!

3.5×10!!  𝜇𝑚 ∙
1  𝑐𝑚
10!  𝜇𝑚

= (1.659± 1.028)×10!  Ω ∙ cm 

𝜎! =
1
𝜌!
= (6.03± 3.74)×10!!  𝑆/𝑐𝑚 

 

 Axis Upper bound (S/cm) Lower bound (S/cm) 

Vertical b 12.3±1.1 1.81±0.15 

Horizontal c (1.06± 0.65) × 10-4 (6.03± 3.74) × 10-8 

 

Since the upper bound of conductivity for the c-axis is four orders of magnitude lower 

than that of the lower bound for the b-axis, it is conclusive that the carriers move significantly 

more efficiently along the b-axis.  Therefore, the scenario in Fig. 4.16a best represents the 

conductive pathway when the measurement is carried out on the vertically oriented crystals.  

Hence, the average conductivity along the b-axis is 12.3 S/cm.  On the other hand, since (1) the 
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c-axis does not provide an efficient pathway for carrier transport, and (2) from the 

crystallographic data, the packing for tetraaniline molecules along the a-axis is the edge-to-edge 

lamellae direction, which has been shown to be the least conductive direction due to poor 

molecular orbital overlaps,5, 6, 7 the scenario illustrated in Fig. 4.17a that led to a conductivity of 

1.06 × 10-4 S/cm represents an over-estimation of conductivity.  Therefore, the conductivity 

along the c-axis is likely to be somewhere in-between the upper and lower bound, but closer to 

the lower bound of 6.03 × 10-8 S/cm.  However, here we are reporting using the likely 

overestimated upper bound conductivity of 1.06 × 10-4 S/cm for the c-axis that gives a 5 orders 

of magnitude difference in conductivity between the b- and c-axis, because the transport 

properties along the lamellae a-axis could not be measured using the cAFM setup.  Hence, the 

conductivity difference here is still likely to be an underestimation.   

The conductivity of horizontal crystals (red circles) is seen to be significantly lower than 

that observed for their vertical counterparts (Fig. 4.14i and inset), and is at most ~1.06 × 10-4 

S/cm (see Fig. 4.17 and calculations above for details). Therefore, the conductivity along the 

interfacial stacking b-axis of the oligomer crystals is at least five orders of magnitude higher than 

that along the backbone c-axis direction (Fig. 4.14e). The observed anisotropic transport in 

tetraaniline crystals is most likely a result of the different conduction mechanisms operating 

along the various crystallographic orientations. Due to the short conjugation length of 

tetraaniline, the carrier transport along the molecule’s backbone is limited and relies on a 

hopping mechanism between molecules.33, 34, 35  In contrast, the extended conduction network 

comprised of π-orbital overlap is more efficient, therefore leading to a higher conductivity.36, 37  

The fact that the vertical direction is the most efficient conduction pathway with a high 
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conductivity renders these structures important for applications that can benefit from directional 

3-D transport such as organic solar cells, batteries, or sensors.4, 38, 39   

Conductivity along the interfacial axis is also one order of magnitude larger than the 

highest previously reported value for tetraaniline,21, and can be attributed to the following two 

factors:  (1) The phenyl/phenyl-capped tetraaniline used here has greater molecular symmetry 

when compared to those capped with phenyl/amine.21 Symmetry reduces the number of isomers, 

which leads to more ordered packing and more evenly distributed molecular orbital 

delocalization.40  (2) Direct growth of tetraaniline crystals on the bottom graphene electrode 

produces a high-quality electrical contact. This is in contrast to the bottom-contact configuration 

typically used for nanoscale architecture measurements, where the electrode/crystal interface is 

known to be non-ideal due to solvent impurity traps and the poor contact quality (see Fig. 4.16-

4.17 for more detailed discussion).   

 

4.3.6 Graphene/vertical TANI crystal/graphene sandwich devices 

 In order to harness the current for all the vertical crystals collectively, another layer of 

graphene can be laminated on top of the crystal arrays to produce a 

graphene/tetraaniline/graphene (Gr/TANI/Gr) sandwich structure.  Fig. 4.14f illustrate a top-

view device schematic with the cross-sectional structure shown in Fig. 4.14g.  Fig. 4.18a depicts 

the fabrication process.  We found that a single layer of graphene does not have the mechanical 

strength to withstand the spiky crystal tips (Fig. 4.3b, c); however, two layers of graphene can 

serve as a rigid, continuous top electrode for the vertical crystal arrays (Fig. 4.14h).  A tilted 

SEM image taken at an edge of the graphene top electrode (Fig. 4.14h inset) shows that the 
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bilayer graphene is indeed laminated on top of the crystal tips.  I-V curves for the undoped 

vertical crystal arrays and that after HCl vapor doping are shown in Fig. 4.14j.  Prior to acid 

doping, an insulating baseline was obtained, indicating that the top and bottom layers of 

graphene were separated by the undoped crystal arrays.  Once doped, approximately 1.25 mA of 

current were detected at an applied voltage of 1.0 V.  The current scale for arrays is three orders 

of magnitude higher than that of a single vertical crystal measured by cAFM, indicating that the 

vertical crystals sandwiched between graphene are indeed connected in parallel where their 

current can be harnessed collectively, illustrating the potential of such a structure for large-area 

device applications.  

 

4.3.7 Patterning of vertical crystal arrays 

 Patterning of electronic materials is crucial for defining device position, down-sizing 

component dimensions and minimizing inter-device cross-talk.41, 42, 43  Unfortunately, this is 

challenging for organic materials due to their sensitivity to the harsh processing conditions 

involved in conventional lithography methods.12, 15  However, because of the high nucleation 

selectivity tetraaniline exhibits for graphene, the deposition locations of tetraaniline crystal 

arrays can be precisely controlled simply by patterning the graphene substrates.  Figure 4.18a 

shows an optical microscope image of graphene dots that are 10 µm in diameter patterned via 

photolithography.  After the tetraaniline crystallization, only the area covered by the graphene 

dots turned dark, indicative of tetraaniline binding, while the SiO2 area remains intact (Fig. 

4.18b). An SEM image of a 4 by 4 dot array further illustrates the high selectivity that 

tetraaniline crystals have for graphene (Fig. 4.18c).  Tilted and more magnified images in Fig. 3d 
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and e confirm the vertically-oriented nature of the crystals and the sharp interface between the 

graphene covered and the SiO2 covered areas.   

 

Figure 4.18. Patterning of vertical organic crystal arrays. (a) Patterned graphene on a SiO2/Si 

substrate. The blue circles are graphene. (b) Same substrate after crystallization. Tetraaniline 

crystals only grow on the circular-shaped graphene, leaving the SiO2 area intact. (c) SEM image 

of a 4×4 circle pattern array showing the high selectivity of the growth location. (d) Tilted view 

of an array of vertical crystals arranged in the shape of the graphene substrate. (e) A magnified 

view of a corner of the circle in d. (f)-(i) Tetraaniline vertical crystal arrays grown in the shapes 

of lines, interdigitated electrodes, letters, and suns, respectively. (j) Vertical crystals selectively 
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grown onto a patterned graphene FET with Ti/Au top contact electrodes. (k) SEM image 

showing the crystal arrays grown on the graphene strip in j.  

 

 Other patterns of vertically-oriented tetraaniline crystal arrays can also be readily created 

by patterning graphene into desired shapes at desired locations; for example, different sizes of 

micro-scaled lines, interdigitated electrodes, letters making up the words “UCLA CHEM” and 

“KANER LAB,” suns, triangles and the entire alphabet can be made via the growth of vertical 

crystals (Fig. 4.18f-i and Fig. 4.19).  Since the photolithography patterning step is carried out 

before the tetraaniline crystallization process, this approach is completely benign towards the 

intrinsic properties of conjugated materials and can lead to exciting new opportunities for 

patterning, miniaturization, and prevention of cross-talk in organic electronic devices.   
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Figure 4.19. (a) Fabrication flowchart for the patterning of crystal arrays. (b-i) shows optical 

microscope images (b, e, h) and SEM images (c-d, f-g, i-j) of the tetraaniline vertical crystal 

arrays deposited into various shapes by patterning the graphene substrate using photolithography 

prior to the crystallization process.   
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4.3.8 Applicability to other conjugated materials 

 This graphene-assisted vertical crystallization method is also widely applicable to other 

solution-soluble conjugated materials. As a proof-of-concept, using the solvent-annealing 

method and the solvent systems demonstrated in Fig. 4.4j and Table 4.1, vertically-oriented 

crystal arrays of octaaniline (Fig. 4.20a), sexithiophene (Fig. 4.20c), and bis(N-carbozolyl) 

biphenyl (Fig. 4.20e) have been produced on graphene. The former two exhibit plate-like 

morphology, while the latter appears as 1-D wires.  The corresponding SAED patterns for the 

vertical crystals dry-transferred to TEM grids are shown in Fig. 4.20b, d, and f, respectively.  

The interfacial stacking distances for these three crystals are 0.38, 0.39, and 0.37 nm, 

respectively, and all oriented along their crystal long-axis.  The octaaniline plates appear to have 

preferential orientational packing, as indicated by the arc-pattern in SAED, rather than single 

crystalline as in the case for tetraaniline.  This suggests that the higher molecular weight of 

octaaniline renders the molecular chains more flexible in conformations, thus allowing them to 

be packed in a preferred orientation, but with some molecular misorientations, leading to the arc-

SAED pattern along the long axis of the plate.  In contrast, sharp Bragg spots are obtained for 

both sexithiophene and bis(N-carbozolyl) biphenyl crystals under SAED analysis, demonstrating 

their single-crystalline nature.  Therefore, graphene-assisted crystallization can be a general 

approach for obtaining vertically-oriented arrays of a wide variety of soluble conjugated 

materials. With graphene also conveniently serving as a bottom electrode, this method can create 

exciting new opportunities and potentially lead to technological advances for applications that 

benefit from ordered 3-D structures such as organic solar cells, sensors, batteries and 

supercapacitors.   
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Figure 4.20. Vertical crystallization of other soluble conjugated compounds on graphene. (a) 

Vertically oriented octaaniline plates. (b) SAED pattern of a single octaaniline plate showing the 

preferred packing orientation. (c) Sexithiophene vertical plates. The density of the plates is low 

because of the poor solubility of sexithiophene in virtually all solvents. (d) Spot pattern from the 

SAED of a sexithiophene plate illustrates it is a single crystal. (e) Vertical wires of bis(N-

carbozolyl) biphenyl. (f) The corresponding SAED pattern shows that each wire is a single 

crystal.  
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Chapter 5. Processable Colloidal Dispersions of Polyaniline-Based 

Copolymers for Transparent Electrodes 

 

Copolymerization of aniline with substituted anilines can synergistically combine high 

electrical conductivity with good solubility and functionality.  Here, we report the synthesis of a 

variety of polyaniline-based copolymer nanofibers with uniform diameters.  The relationship 

between the feed ratio and the final composition is examined by NMR and UV-vis spectra. The 

conductivity of the copolymers can be tuned over a six order-of-magnitude range by varying the 

composition of the two building blocks. The copolymer nanofibers exhibit excellent colloidal 

stability with zeta-potential values as high as 40 mV, which enables them to be spray-coated to 

form transparent, conductive thin films with good optical properties.  This simple process is 

scalable, and can lead to flexible or patterned films, which may be helpful for applications in 

organic electronics, optoelectronics, sensors, and energy storage devices.   

 

5.1 Introduction  

In recent years one-dimensional (1-D) polymeric nanostructures have attracted a great 

deal of attention due to their promising potential for many commercial applications such as low-

cost, flexible electronic and optoelectronic devices.1 Among the family of conducting polymers, 

polyaniline is of great interest due to its simple acid-base doping-dedoping chemistry, ease of 

synthesis, and environmental stability.2-4 A variety of methods have been developed to 

synthesize 1-D polyaniline nanofibers, including the use of hard templates such as anodized 



	  
	  

161 

aluminum oxide or diblock copolymers,5,6 soft templates such as surfactants of bulky dopant 

acids,7,8 biomolecule templated nanofibers,9 nanowire seeding,10 and more recently, a number of 

template-free approaches including interfacial polymerization,11 rapid mixing of reactants,12 

dilute polymerization,13 electrochemical polymerization on conducting substrates,14 and 

sonochemical15 and radiolytic-assisted syntheses16. The resulting nanofibers have enabled 

improved performances for many applications including chemical sensors, supercapacitors, 

memory devices, and actuators.3,17,18   

Despite all the research advances, polyaniline still suffers from drawbacks such as low 

solubility and poor processability in common solvents. On the other hand, its derivatives with 

various functional groups possess many enhanced properties such as better dispersability or 

solubility in organic solvents, higher resistance against microbial and chemical degradation, 

improved selectivity towards chemical sensing targets, and even as candidates for charge 

dissipaters for e-beam lithography.19-21 Nanofibers of substituted polyaniline have been produced 

and shown promise as chemical sensors.22 Unfortunately, polyaniline derivatives generally 

possess much lower conductivities than polyaniline. For instance, poly(o-toluidine) in its doped 

form has a conductivity of 0.01-0.1 S/cm, in contrast to the 1-10 S/cm conductivity that doped 

polyaniline typically exhibits.23 Therefore, copolymerization is highly desirable with the idea of 

synergistically combining the benefits of both components.  Here, we report a synthetic route to 

nanofibers of a large variety of copolymers of polyaniline and substituted polyanilines in an 

effort to create a highly conductive polymer with good solubility, processability, multi-

functionality, and many attractive properties associated with 1-D nanostructures.  The optical and 

electrical properties of these copolymers can be readily tuned by varying the relative 

composition of the component monomers.  Furthermore, the nanofibrillar morphology enables 
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the copolymers to exhibit excellent colloidal stability.  A dispersion of a copolymer solution can 

be readily spray-coated onto a variety of materials, including flexible substrates to create 

conductive, transparent thin films, or patterned into different shapes by spray coating through a 

stencil mask. 

 

5.2 Experimental  

5.2.1 Synthesis and Purification  

All chemicals were obtained from Sigma-Aldrich and used as received.  In a typical 

reaction, an aniline derivative was dissolved in 10 mL of 1 M HCl(aq.) along with aniline at 

different relative ratios.  The combined amount of the monomers was kept at 3.2 mmol. 2-4 mg 

of N-phenyl-p-phenylenediamine (aniline dimer) was dissolved in 0.5 mL of methanol and added 

to the monomer solution.  Alternatively, p-phenylenediamine (aniline diamine) can also be used 

as an initiator and yields similar results. 0.8 mmol of ammonium peroxydisulfate was dissolved 

in a 10 mL of 1 M HCl(aq.) in a separate container.  The two solutions were then rapidly mixed 

and vigorously shaken for ~5 s to promote mixing, and left undisturbed for 1 day.  The crude 

product was dialyzed against deionized water using dialysis tubing with a 12,000-14,000 MW 

cutoff (Fisher Scientific) to remove any reaction byproducts and low molecular weight 

impurities.   
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5.2.2 NMR 

The purified copolymer nanofibers were dedoped by dialyzing against 0.1 M NH4OH(aq.) 

and then deionized water.  The dedoped dispersions were centrifuged at 3,500 rpm to remove 

most of the solvent, and the products were dried in a 60 °C vacuum oven. The dried nanofibers 

were dissolved in deuterated dimethyl sulfoxide (DMSO-d6) and filtered through quartz wool to 

remove the solid debris. NMR spectra were collected on a Bruker ARX400 spectrometer.   

 

5.2.3 Microscopy 

Samples for scanning electron microscope (SEM) and transmission electron microscope 

(TEM) imaging were prepared by drop-casting doped copolymer nanofiber dispersions onto 

silicon wafers or TEM grids with carbon supports, respectively.  SEM images were collected on 

a JEOL JSM-6700-F field emission SEM microscope. TEM analyses were performed on a Gatan 

Tecnai TF20 TEM operated at 200 keV.   

 

5.2.4 UV-vis spectroscopy 

The nanofiber aqueous dispersions were further diluted for UV-vis absorption 

measurements on an HP 8452 spectrometer.  UV-vis spectra of the spray-coated thin films were 

collected on a Shimazu UV-3101 PC UV-vis-NIR Scanning Spectrophotometer.   
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5.2.5 Zeta potential measurements  

400 µL of a purified copolymer dispersion was diluted to 40 mL with 0.01 M HCl(aq.) 

solution to obtain a final pH of 2.  The pH of the dispersion was varied by the addition of 1 M 

NaOH(aq.) solution.  The zeta-potentials of the dispersions were measured in disposable folded 

capillary cells (DTS10601) with a Malvern Nano-ZS ZEN-3600 Zetasizer in Zeta mode.   

 

5.2.6 Conductivity measurements  

The copolymer nanofiber dispersions were drop-cast onto glass substrates and air-dried.  

Silver electrodes, 3 mm apart, were deposited on the resulting films. The device geometry is 

shown in Figure 5a. The current-voltage (I-V) curves were collected on a standard probe station. 

The film thicknesses were measured with a Dektak 6 Surface Profile Measuring System.  

Conductivity values were calculated from the slope of the I-V curves and the thickness of the 

corresponding films.   

 

5.2.7 Spray-coating experiments  

Copolymer nanofiber solutions of various concentrations were sprayed from an Image® 

Dual Action airbrush onto a heated substrate.  The resulting film was subsequently annealed at 

100 °C for 20 seconds. Patterned films were created by spray-coating through a stencil mask.   
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5.3 Results and Discussion  

5.3.1 Synthesis of copolymer nanofibers 

A large number of substituted anilines have been polymerized with aniline to form 

copolymer nanofibers by rapidly mixing the reactants in the presence of an initiator.  In a typical 

reaction, upon the addition of the oxidant solution to the solution containing the initiator and an 

equivalent molar amount of the two monomers, the reaction mixture turns from clear to light 

blue/violet within a few seconds, indicating the formation of the pernigraniline oxidation state. 

The mixture gets darker in color quickly as the reaction progresses and eventually becomes deep 

green when collected after one day, a color characteristic of the conducting emeraldine salt 

oxidation state. In contrast, control reactions carried out under identical conditions, but without 

an initiator, progress at a much slower rate, often taking hours before a noticeable color change 

can be observed and as long as days before solid precipitation occurs.  SEM analyses reveal a 

drastic difference between the morphologies of the copolymers produced with and without an 

initiator. Copolymers synthesized in the absence of an initiator are generally granular in 

morphology. Figure 5.1a and 5.2a show typical SEM and TEM images of these products, 

respectively. In contrast, mats of continuous nanofiber networks become the dominant 

morphology once an initiator is used (Fig. 5.1b-f and Fig. 5.2b-f).  Copolymer nanofibers have 

been obtained at a 50/50% aniline/aniline derivative feed ratio for copolymers containing both 

strongly electron donating substitutes such as poly(aniline-co-o-anisidine) and poly(aniline-co-2-

(methylthio)aniline), and strongly electron withdrawing substituents including poly(aniline-co-2-

fluoroaniline), poly(aniline-co-3-fluoroaniline), poly(aniline-co-4-fluoroaniline), poly(aniline-co-

3,4-difluoroaniline), poly(aniline-co-2-chloroaniline), and poly(aniline-co-3-chloroaniline). 
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Alkyl substituents including poly(aniline-co-o-toluidine), poly(aniline-co-m-toluidine), and 

alkylated amine groups such as poly(aniline-co-N-ethylaniline) have also been synthesized by 

this method.  Figures 5.1b-f and 5.2b-f illustrate the morphology of five representative 

copolymers with their structures shown in the upper right corner. Some spheres are observed in 

poly(aniline-co-o-anisidine) shown in Fig. 5.1e and 5.2e, but nanofibers are still the predominant 

morphology. The average diameters for these nanofibers range from ~50 nm to 300 nm and 

lengths vary from ~300 nm to 2 µm depending on the aniline derivative incorporated.   
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Figure 5.1. Scanning electron microscope (SEM) images of (a) a typical morphology for 

copolymers of aniline and substituted aniline polymerized without the addition of an initiator.  

When an initiator is used, nanofibrous morphologies can be obtained for (b) poly(aniline-co-o-

toluidine), (c) poly(aniline-co-2-fluoroaniline), (d) poly(aniline-co-N-ethylaniline), (e) 

poly(aniline-co-o-anisidine), and (f) poly(aniline-co-2-methylthioaniline).  Scale bar = 100 nm.   
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Figure 5.2. Transmission electron microscope (TEM) images of (a) copolymer synthesized 

without the presence of an initiator, and nanofibers of (b) poly(aniline-co-o-toluidine), (c) 

poly(aniline-co-2-fluoroaniline), (d) poly(aniline-co-N-ethylaniline), (e) poly(aniline-co-o-

anisidine), and (f) poly(aniline-co-2-methylthioaniline) obtained when an initiator is used.  Scale 

bar = 200 nm.   

 

 Nanofibers have been shown to be the intrinsic morphology of polyaniline;24 however, 

this is not true for substituted polyanilines possibly due to the steric and electronic effects as well 

as the slower reaction rate compared to polyaniline polymerization.19,23 Hence, in a monomer 

mixture that contains both aniline and an aniline derivative, the overall reaction rate is slowed 

down, which leads to agglomerated morphology for the final copolymer. We have recently 

demonstrated that the addition of an initiator such as aniline dimer can greatly accelerate the 

polymerization rate for substituted anilines and lead to nanofibrillar morphologies.25,26 The 

incorporation of an initiator into the reaction mixture that contains both aniline and its derivative 

accelerates the overall reaction rate and serves as homogeneous nucleation sites for anisotropic 

growth, which is believed to be the mechanism leading to copolymer nanofiber formation.   

 

5.3.2 Composition of copolymer nanofibers 

In order to study the polymerization kinetics, we use poly(aniline-N-ethylaniline) 

synthesized at various aniline to N-ethylaniline ratios as an example to demonstrate the 

relationship between the monomer feed ratio and the actual copolymer composition.   
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The molecular structure of poly(aniline-co-N-ethylaniline) is shown as the inset in Fig. 

5.1d.  The composition of the relative ratio between the two repeat units can be calculated by the 

ratio of the integrated 1H-NMR peak areas of the CH3 methyl proton (δ = 1.04 ppm) in relation to 

the aromatic resonance peaks at around 6.5-7.5 ppm. The actual molar composition of N-

ethylaniline, denoted as F1, is plotted against f1, the feed composition of N-ethylaniline as shown 

in Figure 5.3. The diagonal dashed line represents equal composition of the two constituents, if 

identical reactivities were observed.  Since all the data points are above the line, N-ethylaniline 

appears to have a higher reactivity ratio than aniline. Steric factors, resonance stabilization, and 

polarity of the monomers dictates the ability of a monomer to react during copolymerization.20,27 

The electron donating nature of the ethyl substituent on the amine group is likely to stabilize the 

cation free radical intermediates during the polymerization, thus enabling its higher reactivity. 

This result agrees with previous studies on other copolymer systems such as poly(aniline-co-o-

ethylaniline) and poly(aniline-co-N-butylaniline).20,28 Therefore, the addition of an initiator has a 

tremendous effect on the reaction rate and the product’s supramolecular morphology, but not on 

the reactivity of the monomers.  It should be noted that using N-ethylaniline as the sole monomer 

does not yield 100% N-ethylaniline in the final polymer composition (Fig. 5.3) due to the 

incorporation of the initiator molecule (aniline dimer) in the polymer chains.  Furthermore, the 

reactivity ratios of the monomers are calculated to be 0.83 for aniline and 18.4 for N-ethylaniline 

from the feed composition (f1) and the final composition (F1) of the copolymer via the Mayo-

Lewis equation.20 The large difference in reactivity ratios indicates a block copolymer is formed 

with a composition drift during the polymerization process. At the early stage of the 

polymerization, long blocks of N-ethylaniline likely form with very short aniline sequences 



	  
	  

170 

interspersed.  As the N-ethylaniline concentration drops, the length of the aniline sequences will 

steadily increase, eventually forming long aniline blocks near the end of the polymerization.   

 

Figure 5.3. The relative compositions of poly(aniline-co-N-ethylaniline) produced using 

different feeding ratios. The copolymer composition (F1) was determined using NMR.   

 

5.3.3 Absorption characteristics  

UV-vis spectra were collected for the doped poly(aniline-co-N-ethylaniline)s to study the 

relationship between copolymer composition and optical properties. The combined UV-vis 

spectra are shown in Figure 5.4a with the N-ethylaniline composition labeled in the legend. For 

all copolymers, three peaks are observed at around 340 nm, 440 nm, and 680 nm, corresponding 

to the π→π*, the polaron→π*, and the π→polaron transitions, respectively.29 The π→π* peak 

appears at 360 nm for poly(N-ethylaniline) and gradually decreases as the aniline composition 

increases and approaches that of polyaniline at 333 nm. Due to the slight electron donating 
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nature of the ethyl substituent, it is likely that the HOMO level for poly(N-ethylaniline) is higher 

than that of polyaniline, therefore resulting in a smaller π→π* transition energy, which 

corresponds to absorption at a higher wavelength. The π→π* peak positions for the copolymers 

with different compositions are plotted in Figure 5.4b. A pseudo-linear relationship is observed, 

illustrating the stepwise variation in copolymer composition. A similar trend is observed when 

analyzing the polaron→π* transition as the peak shifts from 461 nm for poly(N-ethylaniline) to 

422 nm for polyaniline in a close to linear relationship with respect to the variation in 

composition (Fig. 5.4c).  
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Figure 5.4. (a) UV-vis spectra indicate the change in relative composition as more poly(aniline-

co-N-ethylaniline) is incorporated into the polyaniline copolymers, as evidenced by systematic 

peak shifts. (b) A plot of the π→π* transition wavelength versus the copolymer composition. (c) 

Polaron→π* transition wavelength plotted against the copolymer composition.   
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5.3.4 Electrical properties  

The conductivity of polyaniline derivatives tends to be lower than that of the original 

polymer.  We measured a conductivity for doped poly(N-ethylaniline) nanofibers of 6.0 × 10-7 

S/cm, similar to a reported value of 1.3 × 10-7 S/cm.30  Interestingly, the conductivity doubled 

with just 9% polyaniline incorporated in the copolymer composition, as can be seen from the log 

scaled plot in Figure 5.5c with values tabulated in Table 5.1. The conductivity further increased 

steadily with increasing polyaniline content, reaching the same order of magnitude as polyaniline 

nanofibers for a 40% poly(N-ethylaniline) composition.  The conductivity only increased slightly 

from 0.13 to 0.59 S/cm as the poly(N-ethylaniline) copolymer building block was decreased 

from 40% to 0%, which suggests that the percolation threshold is reached around a polyaniline 

composition of 60%.  Therefore, the conductivity of the copolymer can be readily tuned over six 

orders of magnitude simply by varying its composition.   
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Figure 5.5. (a) A schematic diagram showing the device geometry for conductivity 

measurements of a drop-cast copolymer film. (b) A typical I-V curve indicating ohmic contacts. 

(c) The conductivity values of the copolymer films vary over six orders of magnitude as a 

function of the copolymer composition.   
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Table 5.1. Conductivity Values for Poly(aniline-co-N-ethylaniline) Nanofiber Films Used to Plot 

Figure 5c in the Main Text 

 

ethylaniline composition in 

copolymer 

Conductivity 

(S/cm) 
log (conductivity) 

95% 6.03×10-7 -6.22 

93% 9.08×10-7 -6.01 

91% 1.27×10-7 -5.90 

87% 2.34×10-7 -5.63 

86% 2.54×10-7 -5.60 

78% 4.13×10-7 -5.38 

73% 1.37×10-7 -4.86 

68% 5.88×10-7 -4.23 

56% 2.47×10-7 -2.61 

40% 1.27×10-7 -0.90 

0% 5.89×10-7 -0.23 

  

5.3.5 Colloidal stability  

Polyaniline nanofibers can form a lyophobic colloidal dispersion under low pH aqueous 

conditions because of the electrostatic repulsion from the positively charged polymer 
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backbone.31 Such properties are desirable for device fabrication because smooth, uniform films 

can be readily obtained via simple techniques such as drop-casting.  Here, we employ zeta 

potential measurements to assess the surface charges of the copolymer nanofibers in order to 

acquire a semi-quantitative understanding of the copolymer nanofiber stability.   

 All zeta potential measurements were carried out incrementally from pH 2 to 12 in order 

to minimize the formation of salt and electric double layer compression in strongly acidic 

environments (i.e. below pH 2).  When in an acidic environment, polyaniline and substituted 

polyanilines are in their doped forms where the backbone carries positive charge, leading to 

positive zeta potential values.  The polymers get de-doped under basic conditions and will then 

exhibit negative zeta potential values.  A stronger electrostatic repulsion is indicated by a higher 

absolute value of the zeta potential, which suggests a more stable colloidal system that is more 

resilient to particle aggregation and precipitation.  For polyaniline, a maximum zeta potential 

value of 40.9 mV is reached at pH = 2.  The zeta potential decreases slowly as the pH is 

increased to ~6.4, but remains above 30 mV, a value above which colloids are considered to be 

stable (Fig. 5.6a).  Dedoping of polyaniline occurs around this pH and the zeta potential values 

start to drop more significantly, as indicated by the steeper slope. Polyaniline is neutral in charge 

when the isoelectric point (IEP) is reached at a pH of ~8.2, where the zeta potential becomes 

0 mV, indicating that the electrostatic repulsions between particles is negligible, thus increasing 

the tendency towards aggregation into larger particles. The zeta potential value continues to 

decrease as the pH is further lowered until it reaches a maximum negative value of -41.6 mV at 

pH = 12.  This very large negative value suggests that the dedoped nanofibers can form stable 

colloids under very basic conditions.  The zeta potential vs. pH plot for poly(N-ethylaniline) 

nanofibers is shown in Fig. 5.6a.  A peak zeta potential value of 38.1 mV is reached at pH = 2, 
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lower than that of polyaniline at the same pH, and the zeta potential remains above 30 mV until 

the pH is increased to ~4.5, indicating poly(N-ethylaniline) nanofibers have a narrower colloidal 

stability pH range.  This is possibly due to the fact that the ethyl substituents on the amine and 

imine nitrogens shield some of the positive charges on the polymer backbone.  However, the IEP 

is reached at a higher pH value of 9.1 for the poly(N-ethylaniline) nanofibers compared to that of 

polyaniline. The weakly electron donating effect of the ethyl group on the nitrogen leads poly(N-

ethylaniline) to have a higher pKa value than the parent polymer.  Therefore, the positive charges 

on its backbone do not get completely neutralized until a more basic pH is reached.   

 

Figure 5.6. (a) Zeta-potential measurements of polyaniline, poly(N-ethylaniline), and 

poly(aniline-co-N-ethylaniline) nanofibers in the pH range of 2-12. (b) A picture showing a 

concentrated aqueous dispersion of poly(aniline-co-N-ethylaniline) nanofibers. (c) A picture of a 

diluted solution of (b) exhibits a uniform light green color characteristic of polyaniline and 

substituted polyanilines.   
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To study the effect of copolymerization on the colloidal stability, the copolymer with a 

20% N-ethylaniline feed composition was chosen as it yields a final copolymer with a close to 

1:1 polyaniline to poly(N-ethylaniline) composition.  The zeta potential curve of the resulting 

copolymer nanofibers (Fig. 5.6a) illustrates a similar peak zeta potential to polyaniline (41.1 mV 

at pH = 2).  The zeta potential values stay in the 30 mV and above range until pH = ~6.0, much 

higher than that of poly(N-ethylaniline) nanofibers (pH ~4.5), and approaching polyaniline 

nanofibers (at pH ~6.4).  This trend clearly demonstrates the significance of copolymerization as 

at a composition of approximately equal parent polymer to polyaniline derivative, the colloid is 

stable over a much wider pH range.  Furthermore, the IEP of the copolymer occurs at pH = 9.0, 

close to that of poly(N-ethylaniline) and much higher than polyaniline.  Due to the higher pKa of 

the copolymer (compared to the parent polymer) as a result of the induction effect from the N-

ethyl substituent, poly(aniline-co-N-ethylaniline) becomes dedoped at a higher pH, resulting in a 

higher IEP. Hence, copolymerization of aniline and N-ethylaniline synergistically leads to 

improved colloidal stability relative to poly(N-ethylaniline) nanofibers and at the same time, the 

colloid is stable under a wider range of pH relative to polyaniline nanofibers. 

 The enhanced colloidal stability can be observed visually.  Photographs of a poly(aniline-

co-N-ethylaniline) nanofiber dispersion at pH = 3.0 are shown in Fig. 5.6b and c.  A uniform 

dark green color can be observed throughout the dispersion in Fig. 5.6b.  Fig. 6c shows that a 

further diluted dispersion at the same pH displays a transparent green color.  Both dispersions are 

stable under ambient conditions for over a week, and can be readily re-dispersed when the 

nanofibers begin to precipitate.   
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5.3.6 Thin-film deposition  

The good colloidal stability of the copolymer nanofiber dispersions opens opportunities 

for low-cost, facile thin film deposition, which is important for the fabrication of processable 

electronic devices.32 For instance, transparent thin films of poly(aniline-co-N-ethylaniline) can be 

readily created by spray-coating the dispersion as shown in Fig. 5.6b. The process is depicted 

with a schematic diagram in Fig. 5.7a. Various film thicknesses can be obtained simply by 

controlling the amount of dispersion sprayed onto the substrate. With a single airbrush spray 

across a 2.5 × 7.5 cm glass slide, a uniform, transparent, green film forms with an overall 

transparency of 88% within the visible region and a maximum transparency of over 95% at ~580 

nm can be obtained (film 1 in Fig. 5.7b). Films 2-4 in Fig. 5.7b show incrementally lower 

transparencies (Fig. 5.7c) compared to film 1 as the number of spraying cycles is increased, 

indicating the formation of thicker copolymer films. These thin films are electrically conductive, 

and the sheet resistance is lowered as the percent transmittance is decreased (Fig. 5.7d). A sheet 

resistance on the order of 105 Ω/sq is achieved when the film is 58% transparent, which is 

sufficient for applications in electrostatic dissipation, magnetic shielding, and secondary 

electrodes. The spray-coating process is readily scalable—a glass substrate that is 16 cm × 13.5 

cm has been uniformly coated with a thin layer of copolymer nanofibers (Fig. 5.7e).  In addition, 

spraying the copolymer dispersion through a stencil mask generates patterned films.  For 

example, the copolymer nanofibers form the word “PANI” on a glass substrate by spraying 

through a mask containing these letters, as shown in Fig. 5.7f.  Finally, the copolymer nanofibers 

can also be spray-coated onto flexible substrates such as polydimethylsiloxane (PDMS) (Fig. 

5.7g), rendering them suitable for potential applications in flexible electronics. Such conducting, 
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transparent films have great implications for potential applications in flexible, all-organic 

electronics, optoelectronics, sensors and energy storage devices.   

 

Figure 5.7. Transparent thin films obtained by spray-coating. (a) A schematic diagram depicting 

the spray-coating process; (b) Uniform thin film obtained by spray-coating placed over the letters 

“UCLA” to illustrate their transparencies;  (c) UV-vis spectra show the percent transmittance of 

the thin films in (b); (d) Sheet resistance plotted as a function of film transmittance for the thin 

films in (b); (e) A uniform and transparent large area film (16 cm × 13.5 cm) spray-coated on 
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glass demonstrating the scalability of the process; (f) A pattern with the word “PANI” can be 

created by spray-coating through a stencil mask; and (g) copolymer nanofiber films sprayed onto 

a flexible polydimethylsiloxane (PDMS) substrate.  

 

5.4 Conclusions 

 A facile synthetic method for producing uniform nanofibers of polyaniline/substituted 

polyaniline copolymers is reported.  The relative composition of the building blocks can be 

readily tuned by using different feed ratios of the corresponding monomers.  A six order of 

magnitude change in conductivity is observed for poly(aniline-co-N-ethylaniline) with different 

compositions.  Zeta potential measurements indicate the copolymer nanofibers are highly stable 

as aqueous dispersions.  Their high colloidal stability allows them to be readily processed into 

transparent conducting thin films via simple methods such as spray-coating, demonstrating great 

potential for applications in all-organic material devices.  
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Chapter 6. Three-dimensional core-shell hybrid solar cells via controlled in 

situ materials engineering 

 

Hybrid solar cells1,2 can potentially yield viable photovoltaic devices as they exploit both 

the high mobility of inorganic compounds3 and the high absorption coefficients and the ease of 

processability of organic materials4. However, standard spin-coating/infiltration processes do not 

allow the properties of the polymer side to be tailored in situ5,6,7. Furthermore, the difficulty in 

achieving conformal, high-quality organic-inorganic interfaces8-15 have hindered the realization 

of a three-dimensional (3-D) hybrid solar cell with satisfactory efficiency. Here, we demonstrate 

a simple, controllable, solution-based fabrication approach towards air-stable 3-D core-shell 

hybrid solar cells comprised of catalyst-free, patterned GaAs nanopillar arrays uniformly coated 

with electropolymerized poly(3,4-ethylenedioxythiophene) (PEDOT). Electropolymerization 

allows for conformal organic morphologies on the inorganic nanostructures and in situ materials 

engineering via dopant incorporation. Materials characteristics including the highest occupied 

molecular orbital (HOMO) level, the conductivity and the thickness can be adjusted, directly 

affecting the photovoltaic performance.  Downwards tuning of the HOMO level (|ΔE| ~ 0.44 eV) 

increases the open-circuit voltage (VOC), while higher PEDOT conductivities result in enhanced 

short-circuit current densities (JSC). A systematic device tuning results in a JSC of 13.6 mA cm-2, 

VOC of 0.63 V, and peak external quantum efficiency of 58.5%, which ultimately leads to solar 

power conversion efficiencies as high as 4.11%.  
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6.1 Introduction  

Organic/inorganic hybrid solar cells (HSCs) are a compelling research field as they 

merge the desirable features of solid-state physics and organic electronics, offering a potential 

solution to low-cost, efficient photovoltaics1,2. To date, semiconductor-based solar cells3 have 

higher efficiencies due, in part, to advantageous material characteristics such as extremely high 

carrier mobility. Furthermore, mature materials engineering practices allow exquisite control of 

doping concentrations, band-offsets, and interface abruptness down to the atomic level.  Polymer 

solar cells4, on the other hand, are inexpensive per square foot and have large absorption 

coefficients for wavelengths <700 nm. However, the most commonly used polymers are unstable 

in air and possess inferior transport properties. Major obstacles to advancing HSC device design 

have been the limited control over the organic layer features along with interfacial issues.  Thus, 

a more sophisticated approach to materials engineering of HSCs remains an open challenge. 

Modern synthetic chemistry has enabled the upwards/downwards tuning of the energy 

levels, optical and electrical properties of the organic conductors5,6,7 via molecular 

functionalization, thus providing excellent opportunities for improving the carrier transport at the 

organic/inorganic interfaces and external contacts. Such materials engineering applied to 

conjugated polymers, in fact, can alter the band-to-band realignments between organic and 

inorganic layers, maximizing the charge transfer and overall device efficiency. However, this 

concept carried out through organic synthetic techniques has not yet been exploited in hybrid 

photovoltaics.  

Standard processing methods (including spin-coating, inkjet printing, or doctor blading8) 

do not allow in situ materials engineering, limiting the chance to tailor the energy levels on the 
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organic side and conveniently control the hybrid interface during its formation. Typically, these 

processing methods involve inorganic nanostructures of silicon9, metal oxides10,11, II-VI 

compound semiconductors12,13 or III-V nanowires14 that are intimately mixed into the polymer 

and deposited as hybrid thin films. Alternatively, polymer infiltration is combined with three-

dimensional (3-D) inorganic arrays to form an inter-digitated, block-like HSC15. Unfortunately, 

the aforementioned approaches often result in non-conformal coatings or thickness gradients 

when applied to vertical 3-D structures. This coverage limitation diminishes the purpose of 

having well-oriented, high mobility, inorganic arrays that possess both the advantages of 

directional charge transport and light trapping properties. As a result, typical power conversion 

efficiencies (PCE) for current HSCs range from ~0.04 to 3.2%16, demanding further 

improvement. Ensuring a conformal coating of well-defined 3-D inorganic semiconductor 

patterns, such as oriented nanopillars, with an organic conductor allows for a large 

surface/interface area as well as enhanced absorption from the nanostructuring, which is difficult 

to achieve for all-organic cells due to the current scarcity and limitations in their patterning 

techniques.  

Here, we report an electropolymerized deposition approach for making ordered arrays of 

core-shell inorganic semiconductor-polymer nanopillar HSCs. In situ doping enabled by this 

deposition technique allows tuning of the polymer thickness, the highest occupied molecular 

orbital (HOMO) energy levels, and the conductivity resulting in enhanced solar cell 

performance.  
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6.2 Experimental  

6.2.1 GaAs wafer patterning and nanowire growth 

A 20 nm thick silicon dioxide film was evaporated onto degenerately n-doped GaAs 

(111)B wafers and subsequently patterned by electron-beam lithography (Vistec EBPG 

5000+ES) and reactive doped ion etching (Oxford 80 Plus). The wafers were then cleaved in 1 

cm x 1 cm square pieces. The nanowire growth was carried out using a metal organic chemical 

vapor deposition reactor (Emcore vertical-flow) with a hydrogen carrier gas at 60 torr.  The n-

doped GaAs nanopillars were grown for 20 mins at 740°C using tri-methyl-gallium (TMGa) and 

tertiary-butyl-arsine (TBA) as the primary precursors and tetra-ethyl-tin (TESn)  as the dopant.  

The TMGa was pressurized to 900 torr, chilled to 0°C and used a hydrogen flow rate of 3 sccm. 

The TBA was pressurized to 700 torr, chilled to 20°C and used a hydrogen flow rate of 10 sccm. 

The TESn was pressurized to 900 torr, chilled to 0°C, and used a hydrogen flow rate of 0.5 sccm. 

 

6.2.2 Electrochemistry  

PEDOT electropolymerization was performed under potentiodynamic conditions with 

potential applied by a VersaSTAT 3-400 potentiostat/galvanostat (Princeton Applied Research).  

A standard one compartment, three-electrode setup was adapted using the GaAs nanopillar 

wafers (with Au-Ge/Ni/Au back contacts) as the working electrode, a platinum foil as the 

counter electrode, and a saturated calomel electrode (SCE) as the reference electrode.  In brief, 

the GaAs nanopillar wafer pieces were thoroughly rinsed with ethanol, methanol, and 

isopropanol, and dried with nitrogen flow prior to electrodeposition.  The three electrodes were 

immersed into an electrolyte solution containing 0.1 M of EDOT monomer and various 
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concentrations of different electrolyte salts dissolved in Milli-Pore water or HPLC-grade 

acetonitrile.  Five electrolytes were tested: sodium poly(styrene sulfonate) (NaPSS), sodium 

dodecyl sulfate (SDS), lithium perchlorate (LiClO4), tetrabutylammonium tetrafluorophosphate 

(Bu4NBF4), and tetrabutylammonium hexafluorophosphate (Bu4NPF6). NaPSS or SDS (0.008 

M) was dissolved in water, while 0.1 M LiClO4, Bu4NBF4, or Bu4NPF6 was dissolved in 

acetonitrile.  The potential was scanned from 0 V to 1.5 V at a scan rate of 0.1 V/sec for the 

desired number of cycles.  The wafer piece containing PEDOT-coated GaAs nanopillars was 

then removed from the electrolyte and thoroughly rinsed with acetonitrile, blown dry with 

nitrogen flow, and annealed at 80 °C for 15 min. Planar PEDOT films for conductivity 

measurement purposes were deposited on quartz slides coated with e-beam evaporated 

chromium/gold (20 nm/200 nm) electrodes under identical electropolymerization conditions. 

LiClO4, Bu4NBF4 and Bu4NPF6 were chosen as the dopant anions for the final devices since they 

exhibit the highest electrical conductivities. 

 

6.2.3 Device Fabrication 

Subsequent to growth, the GaAs nanowire arrays were cleaned in acetone, methanol and 

isopropanol (IPA) for 1 minute each. All samples underwent a 90-min soaking in 22% 

ammonium sulfide aqueous solution (Alfa Aesar) to passivate the nanopillars and render the 

surfaces sulfur-terminated, thoroughly rinsed with deionized water and blown dry with nitrogen. 

Ohmic gold-germanium/nickel/gold (200 nm/40 nm/100 nm ) back metal contacts were electron-

beam evaporated onto the dies and thermally annealed at 400 °C for 30 s. Benzocyclobutene 

(BCB, Cyclotene Dow Chemical) was spin-coated as purchased at 3000 r.p.m. for 30 s and hard 

cured overnight at 250 C. BCB was then etched back using CF4/O2 reactive ion plasma etch 
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chemistry (Oxford 80 Plus) at a rate of 3.5 nm s-1.  PEDOT shells of desired thicknesses with 

various dopant anions were then directly electropolymerized onto the sulfur-terminated GaAs 

nanopillar surfaces. Indium tin oxide (from Kurt J. Lesker) was deposited as the transparent top 

electrode by RF magnetron sputtering (Denton Discovery 550) at a rate of 0.3 nm s-1 at room 

temperature, with 5 mT of deposition pressure and 30 sccm of argon gas.  

 

6.2.4 Solar cell characterization 

Current-voltage characteristics of the hybrid solar cells were measured using a source 

meter (Keithley 2400). AM 1.5 illumination was carried out with a 300 W xenon-lamp-based 

solar simulator (Newport Corporation, 67005) with an AM 1.5G filter mounted. The light 

intensity was calibrated using a 1-sun (1000 W m-2) reference silicon photodiode. An active area 

of 0.25 mm2, defined by the patterning process, was used to calculate the current density. The 

EQE spectrum was acquired by using a manufactured EQE setup (Newport Corporation, 74125) 

equipped with a 1-sun bias, monochromator, lock-in amplifier for the photocurrent acquisition, 

and calibrated silicon photodiode (Newport Corporation, 70356). The monochromatic 

illumination step was 5 nm. An objective lens with a focal length of 100 mm was used to focus 

down the spot size. 

 

6.2.5 Material characterization  

Conductivity measurements were carried out on the planar electropolymerized PEDOT 

films. The polymer thickness was measured with standard profilometry techniques (Dektak 6M 

profilometer). TEM grids with 200 µm × 200 µm grid sizes (Ted Pella, Inc.) were positioned as 
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shadowing masks for the deposition of a 200 nm film of gold as top electrodes using an e-beam 

evaporator.  Conductivity values were extrapolated from current-voltage characteristics (Keithley 

2400) combined with the thicknesses of the different polymer films. Cyclic voltammetry 

characterization for each of the polymers was carried out in a solution containing 0.1 M of the 

corresponding electrolyte salt that matches the dopant anion for each PEDOT, and scanned at a 

rate of 0.05 V/sec from -3.0 V to 1.5 V.  X-ray photoelectron spectroscopy was utilized to obtain 

the elemental composition profiles of the polymers. Energy dispersive spectroscopy for 

elemental mapping was carried out with a Titan Scanning/Transmission Electron Microscope 

(S/TEM) (FEI). 

 

6.2.6 Photogeneration profile simulation  

The photogeneration figures were plotted using finite-difference time-domain (FDTD 

solution Lumerical). A GaAs nanowire with a diameter of 190 nm and a height of 1200nm was 

simulated. PEDOT was used as the shell material with 80 nm thickness. Periodic boundary 

conditions were set with a pitch size of 600 nm × 600 nm. A mesh size of 4 nm x 4 nm was 

placed throughout the pillar and the shell. Cross-polarized light was incident on top of the 

structure. A monitor was placed to capture both the nanowire and the shell, recording both the E-

field intensity and the material refractive index. The photogeneration rate at each mesh grid was 

then calculated and plotted. 
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6.3 Results and Discussion  

6.3.1 Core/shell nanowire fabrication  

In brief, we fabricate periodic GaAs nanopillar arrays via a catalyst-free, bottom-up 

approach17. The GaAs nanopillars are coated with poly(3,4-ethylenedioxythiophene) (PEDOT) 

via electropolymerization, a low cost, selective technique that yields conformal radial shells 

around individual GaAs nanopillars to preserve the 3-D features of the patterned array. PEDOT, 

unlike the readily photo-oxidizable P3HT18, is well known for its remarkable air stability19,20, 

which is essential for a practical device. In addition, a radial core-shell geometry is desirable 

because it allows for a shorter pathway for photogenerated carriers21,22,23, thereby enhancing the 

charge collection efficiency. 

Solar cell performance is then addressed by (1) enhancing the transport properties of 

PEDOT controlled by using three different dopant anions incorporated during the 

electrodeposition to increase the JSC, (2) lowering the HOMO levels of PEDOT to enhance the 

VOC, and (3) designing a PEDOT shell that balances out the short exciton diffusion length and 

the required thickness for light absorption. Furthermore, theoretical simulations show that light 

trapping effects and enhanced absorption are present over the whole spectrum of interest due to 

fact that the 3D HSC morphology is preserved during all the fabrication steps.   

Figures 6.1a, b illustrate the resulting device schematic and relevant energy levels in the 

hybrid device. As a first step, n-type GaAs nanopillars are grown on a patterned n+-GaAs 

substrate via selective area epitaxy (SAE) (Fig. 6.2). Selective area epitaxy (SAE) was used as a 

growth technique to synthesize arrays of patterned GaAs nanopillars (NP). The SAE is a 

catalyst-free alternative that does not introduce any contamination into the nanopillar17,24, and 
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allows lithographic control of nanopillar diameter, center-to-center pitch, tiling pattern and 

periodicity. The growth wafers consisted of a patterned silicon dioxide dielectric mask (20 nm) 

on top of highly n-doped substrates. The arrays were grown in a metal organic chemical vapor 

deposition reactor. The growth takes place from the openings in the dielectric mask that expose 

the substrate to the gas environment. Both pitch (P) and diameter (D) can be separately 

determined during the patterning process (Fig. 6.2a). The technique does not require any metal 

catalyst (e.g. Au) to initiate the synthesis, avoiding metal contamination into the semiconductor 

crystal. The adatom incorporation is determined by diffusion lengths and binding energies. The 

doping concentrations were estimated from hall measurements on planar calibration tests. Fig 

6.1b shows a full patterned array of NPs after growth under a Nomarski optical microscope. Fig 

6.1c displays a typical SEM of a GaAs NP array after growth. Note the high uniformity and 

reproducibility in terms of aspect ratio over a large area. 
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Figure 6.1. PEDOT/GaAs hybrid nanopillar solar cells. (a) Cross-sectional schematic diagram of 

the hybrid nanopillar solar cells as a 3D periodic array of core-shell inorganic-organic 

nanopillars. A GaAs nanopillar periodic array is planarized after growth with BCB and then 

partly dry-etched back. Subsequently, the samples underwent electro-polymerization of PEDOT 

by cyclic voltammetry (CV) in an EDOT monomer electrolyte solution, then ITO was RF 

sputtered to form the top transparent electrode. (b) Energy band diagram and alignment of the 

molecular orbital levels with respect to valence-conduction band edges, illustrating the 

independent photo-generated carrier flows.  
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Figure 6.2. Pattern and growth of periodic GaAs NW arrays. (a) Schematic illustration of pitch 

(P) and diameter (D) as two degrees of freedom in the patterning process of the dielectric mask, 

(b) optical microscope image of a patch, (c) 45-degree tilted SEM of periodic GaAs NW arrays 

after MOCVD growth. 

 

Several previous studies reported enhanced optical absorption25,26 of nanopillar arrays in 

comparison with planar architectures despite the low fraction of material utilized. Theoretical 

calculations (Lumerical FDTD Solutions) show that a 600 nm center-to-center pitch in a square 

lattice arrangement yields the maximum absorption. Fig. 6.3 a shows a contour plot of 

absorption with pitch size versus wavelength. Data were collected using finite difference time 

domain (FDTD) solver Lumerical solutions. A 200 nm diameter GaAs NP above GaAs substrate 

was simulated using a mesh size of 8 nm per grid point. X-polarized plane wave light source was 
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incident vertically above the pillar. A reflection monitor was placed above the light source, and a 

transmission monitor was placed 3 µm into the substrate. Absorption was then calculated as A = 

1-|R|-|T|. Fig. 6.3 exhibits the absorption trend of a 600 nm-pitch array derived from the dashed 

cutline in Fig. 6.2.  

 

Figure 6.3. Numerical simulations of pitch-dependent absorption. (a) A 2-D contour plot of 

(center-to-center) pitch-dependent absorption over visible wavelengths for a GaAs NW array 

arranged in a square-lattice tiling. (b) Absorption comparison of a 600 nm pitch periodic NW 

array with respect to a planar GaAs design. 

 

The as-grown nanopillar arrays undergo surface passivation to mitigate the recombination 

effects introduced by surface states on the crystal facets24. Ammonium sulfide is selected here as 

an excellent passivation agent for GaAs in which the sulfur-terminated GaAs nanopillar surfaces 
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interact with the sulfur on the EDOT monomer and lead to higher quality GaAs-PEDOT 

interfaces. Subsequently, benzocyclobutene (BCB) is spin-coated as an insulating resin onto the 

samples to prevent top-bottom shunting and then dry-etched back to expose only the top portion 

of the nanopillars (see Experimental). The patterned wafer is then immersed into an EDOT 

monomer solution with various electrolytes. Electropolymerization selectively grows PEDOT on 

the conductive GaAs while leaving the BCB layer intact, thus allowing for a highly controllable 

thickness and uniform radial coating. Finally, indium tin oxide (ITO) is RF sputtered as a top 

transparent electrode.  

Figure 6.1b depicts the band diagram of the final HSC. PEDOT is a hole-injecting 

conducting polymer27 and because of its positive temperature coefficient of resistivity, it 

manifests a metallic signature. For this reason, electrical conductivity is one of the main factors 

that affect the electronic transport of the photo-carriers in the organic component of the junction. 

Upon illumination, the incoming photons generate electron-hole pairs (bound excitons), which 

then diffuse to the PEDOT/GaAs interface where they dissociate. Subsequent to excitonic 

dissociation, free carriers (e- and h+) are generated on both sides of the hybrid junction and can 

drift to their respective electrodes to be collected. The charge diffusion process is typically 

limited by the short exciton diffusion length (5-30 nm)28, so controlling the polymer thickness 

minimizes the distance between exciton and hybrid interface. In addition, the physical properties 

for the GaAs arrays such as nanopillar diameter and doping concentration are kept constant to 

facilitate the investigation of different energy levels/conductivities of PEDOT on the device 

performance. 
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6.3.2. Electrochemical control of organic layer properties 

Controlling PEDOT thickness and coating morphology is central to HSC device 

performance. Thus, we evaluate the deposition kinetics of PEDOT in terms of thickness and 

coating morphology as a function of oxidation-reduction cycles applied to the GaAs nanopillar 

arrays as shown in Fig. 6.2 a-c. The arrays are standardized for equal center-to-center pitch (600 

nm), height (~1.2 µm), and radius (190 nm). Figure 6.2a shows a collection of scanning electron 

microscope (SEM) images captured at 0, 10 and 25 scanning cycles. The thickness of the coating 

increases as a function of the number of cycles, as illustrated by the near linear trend shown in 

Fig. 6.2b, of 0, 20 and 55 nm, respectively. The deposition rate is pattern-dependent and related 

to the edge-to-edge distance among the nanopillars (Fig. 6.4): stronger electric fields enable 

larger nanopillars to pull in a greater amount of EDOT monomers and dopant anions from the 

electrolyte, translating into a faster deposition rate. The average deposition rate calculated for 

190 nm diameter nanopillars is ~24.0 Å/cycle. Several selective area epitaxy (SAE) patterns 

were prepared with different radii (90 nm, 190 nm and 300 nm) to investigate the dependence of 

the process on the edge-to-edge distance among the nanopillars (NPs). The center-to-center pitch 

was kept constant at 600 nm, in a square lattice arrangement. The SEM matrix presented in Fig. 

6.4a relates NP diameters with increasing number of CV cycles. The thicknesses of the coatings 

increase as a function of the number of cycles, as illustrated by the quasi-linear trends shown in 

Fig. 6.4b.  Note that more cycles were necessary to coat the 90 nm NPs for a given thickness 

than the larger diameter ones. This is due to the fact that a higher potential is present among NPs 

with larger diameters, translating into faster growth rates for the polymer during the 

electrodeposition. The growth rates were calculated to be ~5.4 Å/cycle, ~24.0 Å/cycle, and a 
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much accelerated ~150 Å/cycle for the 90 nm-, 190 nm-, and 300 nm-diameter columns, 

respectively.  

 

Figure 6.4. Nanoscale morphology control. (a) SEM images of different stages of the electro-

deposition process with different NP diameters (90 nm, 190 nm and 300 nm) as a function of 

number of CV cycles (constant center-to-center pitch of 600 nm). (b) Quasi-linear trends of 

PEDOT thickness with respect to different NP diameters for increasing number of CV cycles. 
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The nanometer precision is a crucial degree of freedom for control of polymer thickness. 

Figure 6.5c shows a cross-sectional transmission electron microscope (TEM) image of hybrid 

nanopillars prepared by means of focused ion beam milling. The image confirms the high 

selectivity and uniformity of the organic coating (80 nm) of the exposed body of the GaAs 

nanopillars. Energy dispersive spectroscopy (EDS) is used to estimate the different elements 

present in the electrodeposited PEDOT shell on the nanowires. Fig. 6.6 a illustrates a cross-

sectional TEM of a test device after electrodeposition of PEDOT. The cross-section samples 

were prepared by means of a focused ion milling technique. Point-wise EDS was exploited to 

quantitatively estimate the percentages of elements present. A high presence of carbon and sulfur 

was detected (Fig 6.6b). The element energy spectral distribution is presented in Fig 6.6c. High-

resolution STEM of a GaAs nanowire shows the crystalline order of the crystal (Fig 6.7a). Note 

that alternating zinc blend and wurtzite phases can be identified by the black arrows. The Fast 

Fourier Fransform (FFT) image of Fig. 6.7 a confirms the typical crystalline diffraction pattern. 

A sputtered ITO anode (Fig. 6.5d), preserves the 3-D morphology and completes the HSC 

fabrication.  
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Figure 6.5. Nanoscale morphology control and TEM characterization. (a) SEM images of 

different stages of the electro-deposition applied to 190 nm diameter nanopillars, as a function of 

the number of CV cycles (constant center-to-center pitch of 600 nm). (b) Quasi-linear trends of 

PEDOT thickness with increasing number of CV cycles. (c) A cross-sectional TEM image 

showing complete conformal polymer coverage around the GaAs nanopillars. (d) An SEM image 

of the final device after ITO sputtering deposition. Note that the 3-D morphology is preserved 

throughout all fabrication steps.    
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Figure 6.6. Elemental mapping characterization. (a) Cross-sectional TEM of a hybrid NW row. 

(b) Table of elements detected in the point-wise EDS. (c) EDS spectrum. 

 

 

Figure 6.7 GaAs nanowire structural characterization. (a) High-resolution cross-sectional TEM 

of a crystalline GaAs NW. (b) Constructed inverse FFT pattern of the corresponding image. 
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During electrodeposition (see Fig. 6.8 for CV), the negatively charged electrolyte anions 

bind to the positively charged PEDOT backbone, thus becoming part of the final polymer shell. 

This enables the analysis of several promising dopants for use in the GaAs-based structure. 

Analysis of material composition, conductivity and HOMO levels are shown in Fig. 6.9a-c.  

Dopant incorporation is confirmed by X-ray photoelectron spectroscopy (XPS) as shown in Fig. 

6.9a. The S 2p peak that is characteristic of PEDOT was collected and analyzed (Fig. 6.10). Note 

that PEDOT films doped with different anions possess the same spin-split sulfur coupling for the 

non-oxidized sulfur atoms, with S 2p3/2 at 163.6 eV and the S 2p1/2 at 164.8 eV, which is 1.2 eV 

apart.  The set of the two smaller peaks at higher binding energy corresponds to the oxidized, 

positively-charged sulfur atoms.  For the PEDOT/BF6 sample, the S+ 2p3/2 is at 165.5 eV and S+ 

2p1/2 at 166.7 eV, while these peaks appear at 165.5 eV and 166.7 eV for PEDOT/BF4, and 165.6 

eV and 166.8 eV for PEDOT/ClO4, respectively.  Higher binding energy indicates more oxidized 

sulfur.  It is likely that the sulfur in ClO4
--doped PEDOT is more oxidized than the other two 

samples because of the fact that the ClO4
- ions are strong oxidizers.  This is clearly visible from 

the set of peak fitting curves with the highest binding energies (for oxidized sulfur), as the area 

under the curve for both the S 2p3/2 and S 2p1/2 peaks for ClO4
--doped PEDOT (d) is significantly 

larger than those for the PEDOT with PF6
- or BF4

- as the dopant.  The peak splitting remains 

constant (1.2 eV) for each set of 2p3/2 and S 2p1/2 peaks in all three samples and agrees with that 

from the non-oxidized sulfur peaks.  The relative area-under-the-peak ratio for S+ 2p3/2 to S 2p3/2, 

or S+ 2p1/2 to S 2p1/2, is 1 to 4 for all three samples, suggesting 1 out of every 5 sulfur atoms is 

oxidized, which corresponds to a 20% doping level.  The sulfur peaks also have a broad tail 

extending into the higher energy region, which originates from the oxidized, positively charged 
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sulfurs within the oxidized thiophene rings because of the delocalization of π-electrons.  It 

should be noted that for the ClO4
--doped PEDOT (d), a shoulder is present on the broad tail, 

again indicating that the sulfur in this sample is more oxidized than the other two samples. Since 

the XPS indicates a 20% doping concentration for all three kinds of dopant anions, one in every 

five EDOT monomers is oxidized regardless of the dopant type (Fig. 6.10), resulting in an 

estimated hole concentration nP ~ 2x1020 cm-3.  

 

Figure 6.8. A typical series of cyclic voltammograms. The continuously increasing current 

indicates more electroactive PEDOT forms on the GaAs nanowires as the number of cycles 

increase.  The peaks corresponding to the monomer signals and the polymer signals are indicated 

by the arrows.   
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Figure 6.9. Polymer characterization with different dopant anions. (a) X-ray photoelectron 

spectroscopy of PEDOT synthesized with 3 different dopants: LiClO4, Bu4NBF4 and Bu4NPF6. 

The elements chlorine, boron and phosphorus from these three dopants can be identified 

respectively. (b) Cyclic voltammograms recorded for PEDOT synthesized with LiClO4, BuNBF4 

or Bu4NPF6 .  (c) Electrical conductivity of PEDOT synthesized with the three different dopants, 

independently measured on Cr/Au-coated quartz slides along the vertical direction. 



	  
	  

205 

 

 

Figure 6.10. Structure of the PEDOT backbone and XPS analysis of the PEDOT films. (a) 

Chemical structure of the PEDOT in its oxidized, conductive state. S 2p characteristic regions for 

the PEDOT doped with Bu4NPF6, Bu4NBF4 and LiClO4 are shown in (b), (c), and (d), 

respectively.  
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6.3.3 Electrical and electronic properties of the organic layer 

Figure 6.9b depicts the conductivity values with respect to different dopant 

incorporations into the PEDOT backbone. The general definition of conductivity Ϭ for a p-type 

material is expressed in Equation 6.1 as  

( )pp nq ⋅= µσ                           [6.1] 

Consequently, increasing conductivities will result in easier percolation paths for the photo-

generated charges to travel to the ITO anode. Five counteranions, PSS- (poly(styrenesulfonate)), 

DS- (dodecyl sulfate), ClO4
- (perchlorate), BF4

- (tetrafluoroborate), and PF6
- 

(hexafluorophosphate), are investigated as suitable dopants.  Quartz glass slides were cleaned 

and used for the electrical characterization of the polymer synthesized with different dopants as 

shown in the schematic of Fig. 6.11a. Chromium (20 nm)/gold (200 nm) metal layers were e-

beam evaporated on top of quartz slides and used as electrodes in the cyclic voltammetry 

deposition of the polymer. 100 µm x 100 µm TEM grids were placed on top of the polymer as 

shadowing masks in order to define the contact area of the top electrode. For the top electrode, a 

200 nm gold layer was e-beam evaporated. Fig. 6.11b illustrates gold pads on top of the 

polymer, defined by the TEM grid shadow mask. Ohmic current-voltage characteristics were 

measured using a Keithley multimeter with a step resolution ΔV of 10 mV (Fig. 6.11c). 

Thickness measurements were taken using a Dektak 6M profilometer. Different polymer doping 

anions were investigated and compared in terms of electrical conductivity (Fig. 6.11d).  



	  
	  

207 

 

Figure 6.11. Polymer electrical characterization. (a) Schematic illustration of the test devices to 

assess the electrical conductivity. (b) An optical microscope image of Au contact pads on top of 

the electrodeposited polymer. (c) Current-voltage measurements of a polymer test device. (d) 

Histogram plot of electrodeposited PEDOT processed with different doping methods. 

 

Among all these PEDOT films, the later three (PEDOT doped with ClO4
-, BF4

- and PF6
-) 

were chosen for device testing since they produced to the highest conductivities of about 68 

S/cm, 90 S/cm, and 116 S/cm, respectively (Fig. 6.9b). In order to characterize the band 

positions of the materials, cyclic voltammetry (CV) was utilized. Figure 6.9c shows three 

different cyclic voltammograms corresponding to PEDOT/ClO4, PEDOT/BF4 and PEDOT/PF6. 

All three types of PEDOT exhibit reversible oxidative p-doping processes in the positive 

potential regions, and a weak reductive behavior in the n-doping region when the reverse bias is 
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applied. The oxidation potential onsets are highlighted by arrows in the plots. Using a 

silver/silver chloride (Ag/AgCl) electrode in 3 M NaCl solution as reference potential, HOMO 

levels of -4.265 eV, -4.515 eV, and -4.705 eV, were calculated for PEDOT/ClO4, PEDOT/BF4 

and PEDOT/PF6, respectively. (see Supplementary Information for theory and calculations31). 

The most electronegative anions PF6
-, pull away the largest amount of electron density from the 

PEDOT backbone, significantly lowering the HOMO levels with respect to the GaAs band-edge.   

 

6.3.4 Hybrid solar cell characteristics  

       Figure 6.12a presents the measured J-V characteristics under 1-sun illumination (AM 1.5G) 

in ambient atmosphere. A short circuit current density (JSC) of 5.2mA cm-2 was obtained for the 

device with PEDOT/ClO4 as the organic shell, whereas a JSC of 9.8mA cm-2 and 13.6mA cm-2 

were measured for the more conductive PEDOT/BF4 and PEDOT/PF6, respectively. Note that the 

open circuit voltage (VOC) increases in the order: 0.56 V, 0.6 V, and 0.63 V for the GaAs 

nanopillars coated with PEDOT with increasing conductivities. Since the charge transport is 

directly related to the electrical properties of the polymer, enhancing the PEDOT conductivity by 

a simple change of dopant anion appears to be a feasible way to increase the current density step-

by-step, which has been so far difficult to achieve. Furthermore, since the ultimate                  

VOC ( HOMOCB EE
q

−∝
1 ) is related to the energy level alignment between the p- and n-type 

materials, a lower HOMO level (EHOMO) of the p-type polymer allows for a more suitable 

alignment with the conduction band edge (ECB) of the n-type GaAs. Note that the downwards 

tuning of the HOMO level enhances the VOC value. Hence, the incorporation of different dopant 
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anions provides a simple way to deterministically increase the VOC of the hetero-junction. Figure 

6.12b shows a comparison of the external quantum efficiency (EQE) spectra with respect to the 

three different doping schemes. The EQE shapes are overall quite similar, with increasing EQE 

values of ~27.9%, 45.0% and 58.5% observed with increasing polymer conductivity; thus 

suggesting an optimum photo-carrier balance between the electrons in the GaAs nanopillar array 

and the holes in the polymer. Figure 6.12c, along with Fig. 6.12d, summarizes the standard 

figures of merit for JSC, fill factor (FF), and VOC required to calculate the total PCE 

(VOCJSCFF/PAM1.5G). In Fig. 6.12c, both JSC and FF show increasing trends with respect to the 

polymer conductivity. Since the interface ITO/PEDOT is ohmic19, the higher conductivity of the 

polymer lowers the specific series contact resistance, resulting in a higher FF of ~48%. The 

overall PCE for the core-shell hybrid solar cells monotonically increases from 1.07% and 2.71%, 

efficiencies comparable to those typically reported for recent HSCs, to a more highly efficient 

4.11%.   
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Figure 6.12. Electrical and electro-optical characterization of the hybrid nanopillar solar cells. 

(a) I-V characteristics of hybrid photovoltaic arrays under AM 1.5G illumination (1000 Wm-1) 

with differently-doped PEDOT. (b) External quantum efficiency (EQE) measurements (from 340 

nm to 1000 nm) for solar cells based on n-GaAs NPs processed with PEDOT/ClO4, PEDOT/BF4 

and PEDOT/PF6. (c) The short-circuit current density (JSC) increases quasi-linearly with respect 

to the electrical conductivity of the polymer, whereas the fill factor (FF) increases only slightly 

with an increase in conductivity. (d) The open-circuit voltage increases by including different 

dopant anions and the power conversion efficiency scales almost linearly with the polymer 

conductivity achieving peak values of 4.11 % under 1-sun illumination (100 mW cm-2). 

 

6.3.5 Theoretical photogeneration profile simulations  

Representative 3-D theoretical simulations (Lumerical FDTD Solutions) were carried out 

to correlate the EQE spectrum (Fig. 6.12b) with the photo-generation partitioned between the 

organic PEDOT shell and the inorganic GaAs core in the hybrid nanopillar (Fig. 6.13a). Figure 

6.13b illustrates the spectral evolution (2-D cut-planes) of the photo-generation in the structure at 

different wavelengths varying from 400 nm to 900 nm for a 1.2 µm-high, 190 nm-diameter GaAs 

nanopillar, with 80 nm of PEDOT shell. Due to delocalized orbitals in the doped PEDOT, the 

polymer is fairly optically active over the entire region of interest. However, the simulations 

consider a 600-nm periodic boundary conditions to account for the enhanced absorption from an 

infinite array of nanopillars. Therefore, the optical field becomes highly confined within the 

nanostructure, as a result of the waveguiding and focusing of light32 by the periodic array: the 

photogeneration rates are concentrated to several lobes that form along the nanopillar, indicating 
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strongly guided modes that arise from the nanostructuring of the 3-D HSC. The simulations 

suggest that the final array-like morphology still supports light trapping effects. Above the 

bandgap (for λ = 900 nm), no optical generation is detected as confirmed from the EQE 

measurements.  

 

Figure 6.13. Spectral evolution of the photo-generation profile in a single hybrid nanopillar. (a) 

Simulated structure for an individual hybrid core-shell nanopillar. (b) Theoretical simulation of 

the carrier photo-generation profile at 400 nm, 500 nm , 600 nm, 700 nm , 800 nm and 900 nm. 

Up to λ = 800 nm, both organic and inorganic layers are optically active in the profile 

contribution.   
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6.4 Conclusions 

We have demonstrated the deterministic fabrication of 3-D hybrid core-shell 

PEDOT/GaAs photovoltaics by combining SAE techniques with electrodeposition. Our 

photovoltaic devices illustrate the utility of combining electrodeposition with a patterned high-

mobility inorganic component for HSCs. The electrodeposition technique allows in situ control 

over the organic materials properties in terms of feature size, thickness, conductivity, and energy 

levels. As a result, the JSC, VOC, EQE, and the overall PCE of the final device are readily 

enhanced. More extensive molecular engineering could enable even higher performance, while 

exploiting other substrate platforms (e.g. Si) could further lower the overall material costs, 

rendering hybrid photovoltaics a practical solution for pressing energy demands.  
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