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of Structure and Redox States’

SETH C. RASMUSSEN

Department of Chemistry and Biochemistry, North Dakota State University, NDSU Dept.
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Abstract. Polyaniline, one of the primary parent conducting polymers, is a quite old
material with a history dating back to 1834. With the distinction of being the oldest
known fully synthetic polymer and successfully commercialized as several popular cot-
ton dyes in the 1860s, this material was originally known by the name of its black dye,
aniline black. Of course, throughout this early history, the chemical identity and struc-
ture of these early polyaniline products were completely unknown, and it was not until
the 1870s that initial attempts began to reveal various structural aspects. The current
report will present a detailed historical account of the efforts to determine the struc-
tures of these early aniline oxidation products over the time period of ca. 1870-1915.
In addition to the identity and structure of specific products, studies revealing the
interconversion of one species to another via both redox and acid-based processes will
also be discussed, with these collective efforts resulting in a comprehensive model of
these materials that has remained essentially unchanged to this day.
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INTRODUCTION

Polyaniline is one of the most commonly studied parent conjugated pol-
ymers (Figure 1), with its oxidized emeraldine form (Figure 2) represent-
ing one of the earliest examples of a conducting organic polymer. While such
conducting polymers generated from the oxidation (p-doping) or reduction
(n-doping) of conjugated polymers are generally viewed to be quite modern
materials,?”7 electrically conductive polymers actually date back to the early
1960s. Conjugated polymers as a whole are even older, with a history dating
back to the early 19th century.”!

Within this long historical record, polyaniline holds the distinction of
being the earliest known conjugated polymer and dates back to 1834 with
the work of the German chemist F. Ferdinand Runge (1794-1867), who
treated protonated aniline salts with various oxidants to generate green and

T Part I was previously reported as S. C. Rasmussen, The Early History of Polyaniline: Discovery
and Origins. Substantia 2017, 1(2), 99-109.
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Figure 1. Common parent conjugated organic polymers.

black materials."> As such, it predates the 1839 report
of Eduard Simon (1789-1856) detailing the generation
of the material now identified as polystyrene,'® making
polyaniline also the oldest known fully synthetic organic
polymer.'>!7 Of course, the modern name polyaniline
was not introduced until the 1960s,'3-2 prior to which it
was referred to by various color-based names, the most
common of which was aniline black. This emphasis on
color was largely due to the fact that the primary appli-
cation of early polyaniline was as green, blue, and black
dyes for cotton, with the commercialization of these
dyes dating back to 1860.113 At the same time, it is
important to note that the chemical identity and struc-
ture of these early polyaniline products were unknown
at the time and it was not until the beginning of the
20th century that deeper knowledge of the material’s
composition began to take shape.

The structural details of polyaniline are compli-
cated by the fact that it is the only member of the com-
mon conjugated polymers to exhibit both protonated
and free-base forms (Figure 2). In addition, while conju-
gated polymers are all redox active materials, thus lead-
ing to conducting polymers in their non-neutral redox
states, polyaniline exhibits multiple known oxidative
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Figure 2. Various common forms of polyaniline.
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states, each with distinct properties and characteristics.
Although previous reports have presented an in-depth
early history of polyaniline up to ca. 1870,'>!* the cur-
rent report will present a detailed historical account of
the efforts to determine the structures of these early ani-
line oxidation products, beginning with attempts in the
1870s to reveal the mechanistic processes involved in
their synthesis. In addition to the identity and structure
of specific products, studies revealing the interconver-
sion of one species to another via both redox and acid-
based processes will be discussed, with these collective
efforts of ca. 1870-1915 resulting in a comprehensive
model of these materials that has remained essentially
unchanged to this day. The beginnings of these efforts
can be traced to a particularly noteworthy report by
Heinrich Rheineck in 1872.2!

RHEINECK AND NIGRANILINE

Although Heinrich Rheineck played an important
role in the history of polyaniline, very little is actually
known about him. Originally from Neckarsulm, Ger-
many (near Stuttgart), he enrolled in the study of phar-
macy at the University of Tiibingen in the fall of 1860.%
At Tubingen, he carried out research under Adolph
Strecker (1822-1871) on the action of sodium on allan-
toin, resulting in a single paper published in 1865.%
He then worked in Hohenheim as an assistant chem-
ist in agricultural chemistry for several years,** but had
moved to Hagen, Germany in North Rhine-Westphalia
(near Dusseldorf) by 1871.242¢ Here he studied aspects
of inorganic dyes such as Prussian blue.?® His time in
Hagen was short, however, and by 1872, he had moved
to nearby Elberfeld (ca. 30 km to the southwest),?"?’
most likely employed by one of the smaller aniline dye
companies located there. It was at Elberfeld that Rhei-
neck then published his seminal work on aniline black.?!
This paper attracted a fair amount of interest and it was
republished a number of times.?”%°

Rheineck began the discussion of his study by stat-
ing that like other aniline dyes, aniline black is produced
by the oxidation of aniline, thus resulting in the molecu-
lar condensation of repeated aniline units. Furthermore,
these oxidation products are still of a basic nature, with
aniline black a definite base. He then proposed that this
base be called nigraniline (Latin nigrum “black” + ani-
line) in analogy to the name rosaniline for aniline red.*

In order to support these conclusions, he produced
samples of aniline black following common conditions
for its production on fabrics (aniline hydrochloride,
potassium chlorate, and copper chloride). This aqueous
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mixture was allowed to evaporate in a porcelain dish
and repeatedly moistened until a dry, velvety black pow-
der was produced, after which the product was washed
with hot water. As it was well known that this material
appeared dark green on fabric and turned dark blue-
violet after treatment with alkalis, Rheineck proposed
that the blue-violet material was a free base, with the
initial green material the corresponding hydrochlo-
ride salt. To confirm this, he treated the initially pro-
duced aniline black with either soda or ammonia to
remove hydrochloric acid and generate what he viewed
to be the free base.?! This base could then be success-
fully used to remove acid from aniline salts. That is, if
the isolated free base was produced on a piece of cot-
ton, and then treated with aniline salts in the absence
of oxidant, the fabric immediately turned green. Treat-
ing this again with alkali then returned the fabric to the
original blue-violet color. In addition, he showed that
the green hydrochloride salt could also be treated with
sulfuric acid to release hydrochloride fumes and give a
violet solution. When diluted, this solution again gives a
black-green precipitate, which he was confident was the
sulfuric acid salt.?!

Rheineck felt that these results confirmed his view
that the blue-violet material was a free base (nigraniline),
which generated green salts when treated with acid.
However, he decided not to follow through with more
detailed studies, stating:*!

For lack of opportunity and facilities, I have to refrain
from further elaboration on this interesting subject in
scientific terms, and make other chemists aware of it, to
which a well-established laboratory is available.

As such, this remained his only publication on ani-
line black and he left it to others to expand upon his ini-
tial efforts. One such to carry out further efforts was the
German chemist Rudolf Nietzki (1847-1917), who report-
ed various studies on aniline black starting in 1876.3%3!

NIETZKI AND OXIDATIVE DEGRADATION

Rudolf Hugo Nietzki was born on March 9, 1847, in
Heilsberg, Prussia (now Lidzbark Warminski, Poland)
to a Protestant family.>>3> His father, Karl Johann Emil
Nietzki, was a pastor, rector and writer.>>* In 1854, the
family moved to the Prussian town of Zinten (now Kor-
nevo, Russia), where his father served as pastor to the
small town.*® Initially educated by his father, Nietzki
was sent to complete his studies at the gymnasium in
Konigsberg (now Kaliningrad, Russia), as Kinten was too
small to have schools for higher education.?>3*%

Unhappy with his gymnasium education, he left
before completion®> and began the study of pharmacy,
beginning with an apprenticeship in Zinten, followed
by an internship in Kreuzburg, Prussia (now Kluczbork,
Poland).?*% After passing the assistant examination
in 1865,%2% he then worked in a pharmacy in nearby
Hirschberg (now Jelenia Goéra, Poland),**% before addi-
tional studies at the University of Berlin in 1867.33%3% In
1870, he passed the state pharmacy examination® and
soon after was called to serve as a military pharmacist
in the Franco-Prussian War,?>3%% during which he was
captured by the French and held as a prisoner of war.3*%
Following the end of the war in 1871, he was offered a
position as private assistant to August Wilhelm Hof-
mann (1818-1892) at the University of Berlin.’>33 Dur-
ing his spare time, he also carried out some research in
plant chemistry,® such that he was able to obtain his Dr.
phil. at the University of Gottingen in 1874.323% As he
did not have a certificate of maturity from a gymnasium,
he could not take the degree in Berlin.*®

After obtaining his doctorate, he worked as a chem-
ist for Matthes & Weber in Duisberg,*>*-> but then
moved to the University of Leiden in 1876 to became
first assistant in the laboratory there, working under
Antoine Paul Nicolas Franchimont (1844-1919)32:33:3
and Jacob Maarten van Bemmelen (1830-1911).3° In
1879, he began working as a research chemist in the
laboratory of Kalle & Co. in Biebrich, Rhineland-Palat-
inate,33*3 but left in 1883 to rent a place in the labo-
ratory of Dr. Schmidt, in Wiesbaden, with the desire to
carry out independent industrial and scientific studies.®
In the spring of 1884, he moved to Basel, Switzerland,
to introduce processes he had developed to the dyestuffs
company J. R. Geigy**?*® and at the same time obtained
space in the laboratory at the University of Basel.

At the University, Jules Piccard (1840-1933) quickly
recognized the value of having a specialist in dye chem-
istry at Basel and offered to establish Nietzki as a pri-
vatdozent.*® Nietzki completed his habilitation at the
University of Basel on June 30, 1884, after which he
was appointed professor extraordinarius in 1887.3%3%3
He was made professor of chemistry in 1895°*%° and as
the university laboratory did not have enough spaces
to meet the demand of students, Nietzki established an
organic chemistry laboratory at his own expense, in a
private house located in the rue du Rhin. The lab initial-
ly accommodated 20 students, but was later expanded
to allow 36 students. During his third decade at Basel,
rapidly developing arteriosclerosis hampered his ability
to work and ultimately made laboratory manipulations
very difficult. As a result, he resigned as professor in
March of 1911,3%33 retiring to Freiburg im Breisgau, in
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southern Germany, the following year.’> After a long ill-
ness, he died at the Neckargemund Sanatorium on Sep-
tember 28, 1917.32-%

It was while at Leiden that Nietzki began reports
of his investigations into the nature of aniline black in
1876, beginning with efforts to produce high purity sam-
ples for study.’® Once satisfied with the quality of the
samples of aniline black, he then began efforts to ana-
lyze its chemical composition. Such efforts resulted in
the empirical formula C;H,;N;-HCI. It should be not-
ed that this formula is very similar to that previously
reported by Carl Julius Fritzsche (1808-1871) in 1843,
although with lower Cl content.!*'*3¢ As Nietzki had
extensively purified his aniline black samples, it is quite
possible that he had partially reduced his sample, thus
inadvertently reducing the cationic content and thus
the amount of Cl" counterions. Two additional analy-
sis papers then followed in 1876 and 1878%, but these
efforts focused primarily on the blue material generated
by boiling isolated aniline black in excess aniline, which
Nietzki viewed to be a form of phenylated aniline black.
In the 1878 paper, he does conclude that the amount of
Cl found during analysis is dependent on the methods of
purification and drying of the sample.’

It was during the period between the second and
third of these papers on the analysis, however, that
Nietzki reported a discovery that would have far more
impact on the eventual elucidation of the structur-
al nature of aniline black. Thus, in an 1877 report,3®
he found that if aniline black is heated with potas-
sium dichromate (K,Cr,0) in sulfuric acid, copious
amounts of quinone was produced. To study the nature
of this reaction, he suspended aniline black in dilute
sulfuric acid and gradually added potassium dichro-
mate. In the process, the black material was consumed,
giving rise to a strong odor of quinone. The brown, lig-
uid mixture was then separated by steam distillation to
give a considerable amount of quinone, although not
enough to correspond to the initial amount of aniline
black. The residual content of the still was then evapo-
rated to give a colorless crystalline material identified
as hydroquinone. Thus, Nietzki concluded that aniline
black was initially converted to hydroquinone, which
was then oxidized to quinone (Figure 3). As aniline
black is itself produced via the oxidation of aniline,
Nietzki proposed that hydroquinone or quinone could
be produced in this way from aniline, in which aniline
black was then just an intermediate oxidation product.
Treatment of aniline with dichromate in dilute sulfuric
acid confirmed this view to be correct, with the ratio
of hydroquinone to quinone dictated by the amount of
oxidant applied.

Seth C. Rasmussen
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Figure 3. Nietzki’s proposed oxidative degradation of aniline black.

Nietzki then followed this initial report with a sec-
ond paper in 1878, here focusing on optimizing the iso-
lated yield of quinone.* While he had previously found
that hydroquinone could be produced in good yield,
efforts to generate the final quinone always occurred in
significantly lower yields, with the exception of attempts
carried out at very small scale. As this led him to sus-
pect that the quinone was undergoing further reactivity
under heat and oxidation, he steam distilled samples of
pure quinone in the presence of oxidant, which resulted
in the generation of hydroquinone and a resinous prod-
uct. He then repeated the process without the oxidant,
again getting similar results, which led to the belief
that quinone was undergoing condensation under heat.
Thus, rather than the application of steam distillation,
he found that near quantitative amounts could be gen-
erated by the slow addition of potassium dichromate to
cooled sulfuric acid solutions of aniline, after which the
quinone was isolated by ether extraction.

Of course, the generation of quinone and hydroqui-
none via the oxidative degradation of aniline black pro-
vided some clues as to structural aspects of the initial
aniline material. However, this did not seem to be a sig-
nificant focus for Nietzki, who seemed much more inter-
ested in this process as an easy and effective method
for the generation of quinone. The next significant step
towards an understanding of the structures involved
then came from one of the original developers of com-
mercial black aniline dyes, Heinrich Caro (1834-1910).

CARO AND CRITICAL INTERMEDIATES

Heinrich Caro (Figure 4) was born in Posen, Prus-
sia (now Poznan, Poland) on February 13, 1834.1340
The family moved to Berlin in 1842, at which point
Caro entered the Kollnische Realgymnasium there.*?
He continued his studies at the Koéllnische Realgymna-
sium until 1852, after which he attended the Kénigli-
ches Gewerbeinstitut (Royal Technical Institute), which
trained students for industry.!*40-42 At the same time,
he was also attending lectures at Berlin’s Friedrich-Wil-
helms-Universitdt (now the Humboldt University of Ber-
lin).!3:40-42

Towards the end of his studies, Caro was encour-
aged to focus on subjects related to printing and dyeing,
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Figure 4. Heinrich Caro (1834-1910) (Edgar Fahs Smith Memorial
Collection. Kislak Center for Special Collections, Rare Books and
Manuscripts. University of Pennsylvania).

as discussion had begun about setting up a state school
for the training of technicians in this field, which would
thus require teachers.*® Thus, in April of 1855, Caro
took a modest appointment with C. &. F. Troost, a cal-
ico printing company in Miilheim an der Ruhr, where
he mainly performed analytical work.!*442 In March
of 1857, Caro was then sent on a study trip to England,
where he was instructed to visit a large number of print-
ing and dyeing factories.!>#-42 In particular, he visited
Roberts, Dale & Co, having previously met the owner
John Dale in 1854 during a trip to Germany.***! After
Caro’s return to Germany, the decision was made to
build a larger factory and to transform C. &. F. Troost
into a corporation, becoming Luisenthaler Aktiengesells-
chaft of Milheim.** During this same period, Caro car-
ried out his military service in 1857-1858.40

The following year, Caro decided to try his luck in
England, moving there in November of 1859. Although
his initial efforts were unsuccessful, he was ultimately

able to obtain a position with John Dale at the Corn-
brook Chemical Works of Roberts, Dale & Co. in Man-
chester.*43 It was during this time that Caro developed
a process for making aniline purple in 1860, from which
a black residue was isolated as a byproduct. This resi-
due provided an excellent fast black dye for printing on
cotton, with this aniline black then commercialized by
Roberts, Dale & Co. in 1862.1341:42 At least partially due
to declining health, Caro dissolved his partnership with
Roberts, Dale & Co. in October of 1866, after which he
returned to Germany.**2

Once back in Germany, Caro took a post in the lab-
oratory of Robert Bunsen (1811-1899) at the University
of Heidelberg, and began private consultancy work, pri-
marily for the newly formed Badische Anilin und Soda
Fabrik (BASF).*! His work with BASF grew to the point
that he was hired as a technical director by the end of
1868.4043 At BASF, he oversaw the development of vari-
ous new dyes, including artificial alizarin, eosin, meth-
ylene blue, and azo dyes, as well as the initial stages of
the indigo synthesis.**? His various contributions to the
dye industry resulted in Caro being awarded an honor-
ary doctorate by the University of Munich in 1877.4* Tt
was also during this time period that Caro started to
become involved in the development of German patent
law, which had only been recently introduced.*>** Caro
was then appointed to the company’s board of directors
in 1884.%3 By the end of 1889, however, the strain of his
activities in the fields of both chemistry and patent law,
as well as his duties as director, lead to an end of his
direct involvement in the work at BASF,*? although he
remained active on the company’s supervisory board.*>*3
After a short illness, Caro died on September 11, 1910 in
Dresden.!3#0:43

It was towards the end of his career, in 1896, that
Caro published studies that followed up on a previous
statement by Nietzki concerning the production of a yel-
low species from the oxidation of aniline in cold, aque-
ous alkaline solutions.*** Initial efforts showed that the
addition of a permanganate solution to alkaline, aqueous
aniline solution resulted in the production of a green
solution coupled with precipitation.** Filtration isolated
a solid mixture of MnO, and azobenzene (Figure 5),
leaving a yellow solution. Optimized methods utilized
a 2% solution of potassium permanganate to an NaOH
solution of aniline with vigorous stirring.*>

The yellow filtrate was then treated with iron sulfite
to give a colorless solution, which was then filtered, and
evaporated to remove unreacted aniline.***> On cooling,
a black tar separated, which was then boiled with dilute
sulfuric acid to result in the crystallization of a colorless
sulfate salt which was insoluble in cold water. The cor-
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2% KMnO4
20% ag. NaOH

Q @ + yellow product
azobenzene 1) FeS0,
2) Hz80,
3) neutralization
NHz
PbO,
cold H,0 p-amrdod:phenylamme
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N-phenylquinonediimine

Figure 5. Caro’s synthesis and identification of the intermediate oxi-
dation product N-phenylquinonediimine.

responding base was then crystallized from ligroin as
colorless, flat needles which were found to be the known
species p-amidodiphenylamine (Figure 5).4+%> Oxidation
of this base with PbO, in cold water then resulted in the
isolation of yellow crystals, which were ultimately deter-
mined to be N-phenylquinonediimine.** This final prod-
uct was believed to be the identity of the original yellow
species. Caro recognized that N-phenyl-quinonediimine
and azobenzene were isomeric species, with both iso-
mers formed during the alkaline oxidation of aniline.
The exact mechanism of their formation, however, still
remained unknown.*® Further efforts were then contin-
ued in 1906 by the German chemist Richard Willstétter
(1872-1942) 46

WILLSTATTER AND LINEAR OLIGOANILINE
STRUCTURES

Richard Willstétter (Figure 6) was born on August
13, 1872, in Karlsruhe, Germany to Jewish parents.?’-%
After two years in the Gymnasium at Karlsruhe, the
family moved to Niirnberg in 1883, where he entered the
Realgymnasium with the goal of a commercial career.*
He then moved to Munich in October 1890, where he
studied at the University of Munich while also attend-
ing lectures at the Technische Hochschule.*#4? Although
Adolf Baeyer (1835-1917) was Chair at Munich, the
bulk of Willstatter’s studies were under Eduard Buchner
(1860-1917), Johan Rupe (1866-1951) and Eugen Bam-
berger (1857-1932). He took the pre-doctorate examina-
tion in 1893 and was assigned to Alfred Einhorn (1856-
1917) as a research student.*4°

Willstatter started his independent work in 1894,
after which he became privatdozent in 1896.48-°° He
was then made professor extraordinarius and Head of
the Organic Section in 1902.4%%0 In 1905, he accepted
the Chair of Chemistry at the Eidgenossische Polytech-

Seth C. Rasmussen

Figure 6. Richard Willstitter (1872-1942) (Edgar Fahs Smith
Memorial Collection. Kislak Center for Special Collections, Rare
Books and Manuscripts. University of Pennsylvania).

nische Schule in Zurich (now ETH Zurich).#->! He was
then appointed Director of the new Kaiser-Wilhelm-
Institut for Chemistry in Dahlem (now the Max Planck
Institute for Chemistry), moving to Berlin in 19124751
He then returned to Munich in 1915 to succeed Baeyer,
becoming professor and Director of the State Chemi-
cal Laboratory. That same year, he was also awarded the
Nobel Prize for Chemistry for his work on chlorophyll
and plant pigments.*’-5! Unfortunately, rising antise-
mitic views in Germany ultimately led to his resignation
on June 24, 1924,*%%° after which he retained a room to
continue some limited research.*$>° A spate of attrac-
tive offers from other institutions followed, but all were
declined.*>! Recognition for his contributions also con-
tinued, including the Davy Medal of the Royal Society
of London in 1932 and the Willard Gibbs Medal of the
Chicago Section of the American Chemical Society in
1933.4850 In late 1938, the Gestapo searched his house
and he was later ordered to leave the country, resulting
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PbO,
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Figure 7. Oxidation of p-amidodiphenylamine.

in his move to Muralto-Locarno in southern Switzerland
in 1939.48-5! There, he died of a heart attack on August 3,
19424951

Willstétter began his investigation of aniline black
and aniline oxidation by revisiting Caro’s oxidation of
p-amidodiphenylamine by lead oxide as discussed above
(Figure 5). In analyzing the isolated oxidation product,
he found the nitrogen content to be lower than expect-
ed for the N-phenylquinonediimine proposed by Caro,
ultimately concluding that carrying out the reaction in
water resulted in a portion of the oxidation product to
be hydrolyzed to the corresponding N-phenylquinone
monoimine (Figure 7), which co-crystallizes with the
diimide.* In contrast, he found that if the oxidation was
carried out in an ether solution using dry silver oxide,
pure N-phenylquinonediimine could be obtained.

Willstdtter then continued with polymerization
studies of N-phenylquinonediimine via treatment with
acid.*® The yellow material first turned red-brown upon
protonation, after which it eventually turned into a dark
green product. This green product was referred to as
emeraldine in reference to the commercial name of the
green aniline-based dye developed by Frederick Crace-
Calvert (1819-1873) and coworkers in 1860.1* Based on
a suggestion from Nietzki, it was found that the same
material could be produced more easily by oxidiz-
ing p-amidodiphenylamine with iron chloride in acidic
media. Similar results were also achieved using hydro-
gen peroxide and a catalytic amount of FeSO,.%¢

From these products, a blue species was isolated that
was viewed to be the emeraldine base, also known as the
blue aniline-based dye azurine. Analysis of the crystal-
lized compound led to a formula of C,,H,,N,, which was
concluded to have been formed from the polymeriza-
tion of two molecules of N-phenylquinonediimine.*¢->2
Benzene solutions of the blue base were then oxidized
with PbO, to give a red product with two less hydro-
gens (C,,HgN,). Both the blue and red products could
be reduced to give the colorless leuco base (C,,H,,N,),
which could not be reduced any further.*® As in the case
of the oxidation of p-amidodiphenylamine in water (Fig-
ure 7), oxygen-terminated byproducts were also found in
the blue, red, and leuco base species here.

Efforts were then made to determine the structures
of the blue, red, and leuco base species, beginning with
consideration of what type of bond might link the two
N-phenylquinonediimine units. Of the various new link-
ages considered, the only option that was viewed to be
consistent with the observed results was the formation
of a new C-N bond between a terminal nitrogen of one
unit and a phenyl unit of the other. With the nature of
the linkage limited to a simple C-N bond, there still
remained various possible structural motifs as illustrat-
ed in Figure 8.4 Of the three possible structures given,
it was viewed that the two branched structures (II and
III) should be easily converted into azine species (IIb
and IIIb) and thus efforts to find evidence of azine con-
tent in the blue species was pursued. As no indication of
azine content could be found, it was determined that the
linear structure (I) was the most reasonable structure for
the blue species,*®>2 which was also consistent with the
initial formation of p-amidodiphenylamine from aniline.
From this determination, the structures of the three spe-
cies and their transformations via oxidation or reduction
can be summarized as shown in Figure 9.4

OO O
o o FE

$ Y
oo - "o

lilb
Figure 8. Possible structural motifs for the isolated blue product.

OO =7

leuco base
reduction

OO

l oxidation reduction

OO D —

Figure 9. Structures and interconversions of isolated species.
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Willstétter viewed his various emeraldine prod-
ucts as intermediates in the formation of aniline black.
However, it was found that of the three species given
in Figure 9, only the isolated red species could be con-
verted directly to an insoluble black material.*6 In this
way, it was found that the red product underwent fur-
ther polymerization upon heating or treatment with
dilute acids to give a black product referred to by Will-
stitter as polymerization black. He acknowledged that
the properties of the aniline black prepared from the
red intermediate did depend on the exact conditions
applied, but examples that produced aniline black
without byproducts gave a composition of (C4H, sN),.
Thus, he concluded that this composition best repre-
sented that of aniline black. As his aniline black was
produced from the red intermediate consisting of four
units (i.e. x = 4), he concluded that the smallest pos-
sible structure for aniline black was where x equaled
a minimum of 8, with the simplest possible formula
being C,sH;cNg.4

Willstatter recognized that this was not a defini-
tive determination of the structure of aniline black,
admitting in a second paper published in 1909:>% “The
way in which the aniline residues are linked in [aniline]
black has not yet been determined.” In fact, the Ger-
man chemist Hans Theodor Bucherer (1869-1949) had
published a paper in 1907 that refuted the proposed
structures in Willstétter’s initial report, stating that
only azine-type structures could explain the significant
stability of the aniline black.>® To further support the
linear structures given in Figure 9, Willstatter subject-
ed samples of aniline black to strong oxidation, which
had previously been shown by Nietzki to decompose
the black material to quinone.***> Various methods
were thus studied in order to maximize the experimen-
tal yield of quinone from aniline black.> The resulting
experimental yields were then compared to the theo-
retical yields of quinone possible from the various pro-
posed structures for aniline black at the time, which
showed that the experimental values were ca. 95% of the
theoretical value expected for the linear structure pro-
posed by Willstatter, but much higher than that expect-
ed for the alternate branched or azine-based structures.
In the same study, a more detailed elemental analysis
was also performed, resulting in a more precise average
composition of Cs4;H, ssN. Based on this composition,
it was thus proposed that aniline black had a composi-
tion consisting of units of the three-fold quinoid deriva-
tive given in Figure 10.

In a second 1909 paper,®* Willstitter continued the
study of aniline black to determine the presence and
interconversion of two different quinoid species, both
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Figure 10. Proposed oxidative states representative of aniline black
(quinoid units highlighted in blue).

of which were derived from the same leuco base (Fig-
ure 10). In addition to the three-fold quinoid derivative
previously proposed, he now added the fully oxidized
four-fold quinoid unit, which could be produced from
the three-fold species via further oxidation with hydro-
gen peroxide. This fully oxidized species was described
as blue-black, with salts giving a dark green color. The
content of these two oxidized species in aniline black
was viewed to be dependent on the oxidation conditions
applied. The three-fold quinoid species, which gave a
blue-colored base and green materials as the protonated
salts, was viewed to represent the traditional material
emeraldine. In contrast, the polymerization black previ-
ous generated from the heating of his red intermediate
(Figure 9) was viewed to be closer to the four-fold qui-
noid species.

This was then followed up with a 1910 paper in
which the gradual reduction of aniline black was stud-
ied via treatment with phenylhydrazine carbamate.’ In
this way, the initial aniline black (viewed to be primar-
ily the three-fold quinoid species) was found to progress
through three phases. The initial reduction was observed
at 30-45 °C, resulting in a transition from a dark blue
base to light blue color. Further heating resulted in
another transition at ca. 80 °C to give a gray material.
Finally, a colorless product was obtained at temperatures
above 120 °C. The leuco base produced in this manner
converted back to the black material under atmospheric
oxygen in the presence of a small amount of ferrous salt.

Concurrent with the publication of Willstétter’s
study on the reduction of aniline black, the English
industrial chemists Arthur G. Green (1864-1941) and
Arthur E. Woodhead began reporting competing stud-
ies. While the first of these papers was reported in
1910,% two solo works by Green had also been report-
ed the previous year.5”® At least initially, Green had
very different ideas concerning the structure of aniline
blacks.



The Early History of Polyaniline II: Elucidation of Structure and Redox States 115

GREEN, WOODHEAD, AND FURTHER REFINEMENT

Arthur George Green (Figure 11) was born in 1864,
in the town of Ealing, located in West London, and was
educated at Lancing College, Sussex. After matriculating
in 1880, he entered University College, London.**® In
his first year there, he won the gold medal in the junior
practical chemistry class and the Clothworkers’ Exhibi-
tion in chemistry; the next year he won the gold medal
for chemical analysis, and in 1883 the Tuffnel Schol-
arship.®”®! At the College, Green carried out research
under lecturers Henry Forster Morley (1855-1943) and
Richard John Friswell (1849-1908),°%¢! and worked as a
volunteer during college vacations in the laboratory of
Messrs. Williams Bros., aniline dye manufacturers of
Hounslow.?

Green commenced his industrial career in June
1885, as research chemist with Messrs. Brooke, Simpson
& Spiller, Ltd.>-®! at the Atlas Aniline Dye Works in the
east London neighborhood of Hackney Wick, where he
had previously carried out his research with Friswell.®?
His initial career was successful and he was awarded the
silver medal of the Royal Society of Arts in 1891.>° He
then left in 1894 to became manager at the Clayton Ani-
line Company, in Manchester.*>¢° In 1901, he decided to
become independent and setup in London as a consult-
ant, but accepted an invitation in 1903 to the Chair of
Chemistry and Dyeing at the University of Leeds, a posi-
tion made vacant by the death of John James Hummel
(1850-1902).° Green was later elected to the Royal Soci-
ety in 1915.

His time at Leeds was ultimately finite and he
resigned the chair in March 1916 to became Direc-
tor of Research at Levinstein Ltd. in Manchester.” He
also gave part of his time during 1916-1918 to the Col-
lege of Technology, Manchester, where he established
the Dyestuffs Research Laboratory, with the assistance
of Frederick Maurice Rowe (1891-1947), one of his past
students.®%63 During this period, Green continued to
receive various accolades. He was elected to the Livery
of the Worshipful Company of Dyers in 1918 and he
received the Dyers’ Company gold medal three times,
in 1909, 1914 (with W. Johnson), and 1923. He was the
Society’s Perkin medalist in 1917 and received an honor-
ary M.Sc. from the University of Leeds.®

In 1919, Levinstein, Ltd. merged with British Dyes
to become the British Dyestuffs Corporation, Ltd,
after which Green resigned his position as Director of
Research in 1923. At this time, Green returned to his
private practice which was considerable both in Europe
and America.” In 1936, he returned to became consult-
ant to the Dyestuffs Group of Imperial Chemical Indus-

Figure 11. Arthur George Green (1864-1941) (Obit. Notices Fellows
R. Soc. 1943, 4, 251-270; courtesy of JSTOR).

tries Ltd., which was established in December 1926
from the merger of British Dyestuffs Corporation with
three other British companies: Brunner Mond, Nobel
Explosives, and the United Alkali Company. Five years
later, Green died peacefully in his sleep at his home at
Walton-on-Thames on September 12, 1941 at the age of
78.59’60

Green’s earliest report on the structure of aniline
black consisted of a short paper that presented proposed
structures for both the emeraldine and nigraniline mate-
rials,%” along with brief comments on the early report by
Willstdtter and Moore.*® This was then followed up with
a second report covering much of the same material in a
bit more detail.®® As shown in Figure 12, both of Green’s
structures were cyclic species consisting of three aniline
repeat units. It is also important to note that he never
designates what the substitution geometry is on various
bridging phenyl rings (i.e. ortho, meta, or para). In terms
of the report of Willstitter and Moore, Green agrees
with the empirical formula of (C¢H,;N),. but does not
accept any of the rest. As stated by Green:*®
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Figure 12. Green’s initially proposed structures of emeraldine and
nigraniline.

The view expressed by these authors that the product of
this so-called “polymerisation” must have a molecule in
which x = at least 8, and is to be represented as a com-
plex indamine with a long open chain, appears to me to
be very difficult to reconcile with its properties (stability
to acids, etc.).

By the publication of the first paper coauthored
with Arthur Edmund Woodhead in 1910,°® however, this
stance seems to be somewhat moderated, stating that the
work of Willstitter and his coworkers has added much
to the knowledge of the complex oxidation products of
aniline. Still, they point out that the results of Willstt-
ter can really only apply to the primary oxidation prod-
ucts of aniline (emeraldine or nigraniline), while the
most stable form of aniline black, commonly known as
ungreenable aniline-black, must be an azine. Based on
this view, it was then proposed:>®

that the term “aniline-black” should be restricted to the
higher condensation products (ungreenable black), whilst
the original names “emeraldine” and “nigraniline” should
be retained for the primary oxidation products.

Green and Woodhead then went on to reinterpret
some of Willstétter’s previous results and attempted to
provide additional data to present a more detailed model
of the primary oxidation products of aniline. In the pro-
cess, they retained the general linear octameric struc-
tures of Willstatter, even though they felt the question of
linear chains vs. ring structures was still undecided. On
this point, they state:*

Assuming the correctness of the eight-nucleal structure
for the primary oxidation products, it still remains an
undecided question whether the aniline residues are to
be regarded as united in an open or in a closed chain, but
without attempting to decide this point we shall make use
of the open-chain formulae to express provisionally the
analytical results.

These efforts started with the preparation of emeral-
dine via multiple methods, converted to the correspond-
ing base, and carefully purified to produce an initial
material for study. This material was then dissolved in
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aqueous solutions of either acetic (80%) or formic acid
(60%) to give yellowish-green solutions. The addition
of a very dilute solution of chromic acid then resulted
in the color of the solution changing first from green to
pure blue, and then to violet with the further addition of
oxidant, which ultimately gave a violet precipitate.> If a
very weak solution of sodium hydrogen sulfite was added
to the violet solution, these color changes would occur
in the opposite direction, from violet to blue to green.
Stronger reducing agents (phenylhydrazine, sodium
hyposulfite, or titanium trichloride) would convert the
green solution to the colorless leuco base. As the initial
solution began with the emeraldine, the next sequential
colored solution via oxidation was designated nigrani-
line, with the name pernigraniline (Latin per “through,
entirely, utterly” + nigraniline) proposed for the final vio-
let solution. It should be noted here that the prefix per-
is commonly used in chemistry to denote the highest
known oxidation state of various species (i.e. persulfate
or permanganate) and thus is added to nigraniline here
to denote the fully oxidized form. In a similar fashion,
the parent leuco base was given the name leucoemeral-
dine (i.e. the leuco base of the original emeraldine).

Their analysis then continued with efforts to deter-
mine the quantity of hydrogen required for conversion
of emeraldine into leucoemeraldine via titration of the
initial acetic acid solution with titanium trichloride.>¢
From these measurements, it was determined that the
emeraldine corresponded to a diquinoid species. In a
similar manner, the quantity of oxygen consumed in the
conversion of emeraldine into nigraniline was then stud-
ied by titration of the initial acetic acid solution with a
standard solution of chromic acid. In this way, it was
concluded that the conversion of emeraldine to nigrani-
line was the introduction of one additional quinonoid
group. This then led to the series as outlined in Figure
13.56 As the difference between emeraldine and leucoem-
eraldine was two quinoid units, the additional proposed
single quinoid containing species was added between
these in the series, which Green gave the name protoem-
eraldine (Greek protos “first” + emeraldine) to denote the
first oxidized form.

WILLSTATTER'S RESPONSE AND GREEN’S REBUTTAL

Willstétter then responded to the work of Green and
Woodhead in an additional 1911 paper.®* While he felt
that the proposed renaming of the structures provided
no improvement over his previous descriptive nomencla-
ture, it was the contradicting views on the quinoid con-
tent of emeraldine that dominated his response. The pri-
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Figure 13. The full series of aniline oxidation products as proposed
by Green and Woodhead in 1910.

mary point raised by Willstatter was that from their pre-
vious attempts at reducing materials to the leuco base,
the titanium trichloride required higher temperatures
for full reduction than that applied by Green and Wood-
head. As such, he felt that the leucoemeraldine reported
by Green was actually the monoquinoid product, which
he felt was also supported by their description of a “pale
brown amorphous powder”, when it should be complete-
ly colorless. Such an assignment would then remove any
differences between the studies of the two groups.

Green and Woodhead then provided their own
response to Willstitter in 1912.%>% Here, they refute
Willstétter’s claim that full reduction to the leucoemer-
aldine cannot be accomplished with titanium trichlo-
ride at lower temperatures and highlight various points
in Willstétter’s work that they view as problematic. “In
order to place the matter beyond doubt”, attempts were
made to further reduce their leucoemeraldine samples
with titanium trichloride at high temperature. Here, leu-
coemeraldine was prepared from the reduction of emer-
aldine by phenylhydrazine at a low temperature, after
which the leucoemeraldine was treated with boiling tita-
nium trichloride. As the results were not consistent with
the further reduction of a mono quinoid species to the
full leuco base, it was concluded that their original con-
clusions were fully supported.

It does not seem that Willstatter had anything fur-
ther to say on the subject, at least not in the chemical
literature. As such, the debate was generally considered
decided. This is further supported by the fact that no
further modifications to these structural models have
been reported since.

CONCLUSIONS

Other than the modern understanding of the mac-
romolecular nature of polyaniline, the final oxidative
series as presented by Green and Woodhead still remain
the currently accepted structural forms. Although the
modern literature typically gives Green and Woodhead
the credit for determining the structure and oxidative
forms of polyaniline, with little to no mention of Will-
stétter, it is clear from the historical record that the pri-
mary structure determination was really accomplished
by Willstdtter. This is not to ignore the contributions
of Green and Woodhead, who clearly made important
corrections and additions to the oxidative series, as
well as establishing the traditionally accepted nomen-
clature, but this was all accomplished by refinement of
the previous structural models of Willstétter. Even at
the end, Green was not convinced of the linear nature
of these materials and only used the linear structures
as a convenient working model. In contrast, Willstit-
ter had eliminated other possible structures through
careful analysis and fully believed in his linear model.
In addition, although these models were presented as
linear octomers, Willstatter made it clear that this was
the minimum length necessary to explain the presented
results and the actual materials could certainly be larg-
er, thus paving the way for the eventual understanding
of these materials as macromolecules. As such, Willstat-
ter certainly deserves greater recognition for his impor-
tant contributions to our modern understanding of pol-
yaniline materials.
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