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Molecular engineering of ππππ-conjugated polymer film of the azo 

dye Bismarck Brown Y 

M. F. S. Teixeira
a
, M. M. Barsan

b
 and C. M. Brett

b

The construction of molecular nanostructures with tunable 

topological structures is a challenge in molecular engineering. We 

report a novel organic ππππ-conjugated chromophore obtained by the 

electropolymerization of Bismarck Brown Y (4,4'-[1,3-

phenylenedi(E)-2,1-diazenediyl] di(1,3-benzenediamine), with 

important potential applications in optical and electrochemical 

material. The study comprises evidence regarding the redox 

transitions during the electropolymerization process by potential 

cycling and information regarding the physico-chemical properties 

of the polymerized film by UV-Vis spectroscopy, electrochemical 

impedance spectroscopy and scanning electron microscopy. The 

spectral study indicates a π-conjugated planar structure with 

predominance of cis isomer. The polymer with diverse molecular 

conformation paves the way to fabricate molecular miniature 

devices with various desired functionalities. 

In the past few years, the molecular engineering of polymers 

with respect to nanostructures with new functionalisation has 

become increasingly important.
1, 2

 The molecular architecture 

leads the variation of the polymer backbone and 

rearrangement of their shapes, generating new physical-

chemical properties.
3
 Polymeric films containing azobenzene 

groups have received special attention due to their application 

in electrochemical and photonic devices that are based on the 

trans-cis-trans photoisomerization of azobenzene groups.
4-7

 

These special features make azobenzene-containing materials 

good candidates for molecular switches or storage media in 

photoelectric functional devices.
8-10

 Since these devices 

require thin films of high quality, which have to match desired 

properties such as controlled surface morphology and 

molecular organization, electropolymerization is an 

appropriate tool to fabricate such films. 

 The goal of this communication is the release of the 

formation of poly(azo-Bismarck Y) by electropolymerization of 

4,4'-[1,3-phenylenedi(E)-2,1-diazenediyl]di(1,3-benzene diami 

ne) from acid medium producing a novel organic π-conjugated 

polymer. The physicochemical properties of polymer in 

function of thickness film were characterized by UV-Vis 

spectroscopy, electrochemical impedance spectroscopy and 

scanning electron microscopy. The conformations available of 

the polymer significantly alter their properties, and are related 

to the number of applied electropolymerization cycles. This 

conjugated polymer based on Bismarck Brown Y – BBY (Fig. 1) 

is attractive as a potential electrochemical material due to the 

enhanced stability of the generated film. 

 

 

 

 

 

Fig. 1  Molecular structure of Bismarck Brown Y. 

 Cyclic voltammograms (CV) recorded during the 

polymerization of BBY are shown in Fig. 2A.  

 

 

 

 

 

 

 

 

 

Fig. 2  (A) The electropolymerization of BBY on the FTO electrode (1.0 

cm
2
) by potential cycling between -0.3 and +1.0 V vs  SCE at a scan rate 

of 100 mV s
-1

, for 100 cycles in a solution containing 10 mmol L
-1

 BBY 

and 1.0 mol L
-1

 HCl. The solution was deaerated using pure nitrogen 

gas. (B) Cyclic voltammogram of poly(azo-Bismarck Y) modified FTO 

electrode in 0.5 mol L
-1

 KCl containing 10 mmol L
-1

 HCl. Scan rate 25 

mV s
-1

. The inset shows the linearly proportional relationship between 

anodic current and scan rate. 

 The positive potential limit of +1.0 V is required for the 

formation of radical cations, which initiate the polymerization 

process. With the increase in scan number the broad redox 

system in the potential region between -0.30 to +0.80 V that is 

NH2

N
N N

N

H2N NH2H2N

-0.3 0.0 0.3 0.6 0.9 1.2
-150

-100

-50

0

50

100

150

200
(B)(A)

C
u
rr
e
n
t 
d
e
n
s
it
y
 (
µ
A
 c
m

-2
)

Potential (V) versus SCE

-0.3 0.0 0.3 0.6

-60

-30

0

30

60

90

0.0 0.1 0.2 0.3

-80

-40

0

40

80

C
u
rr
e
n
t 
(µ
A
)

Scan rate (V s
-1
)

 anodic peak

 cathodic peak

C
u
rre
n
t d
e
n
s
ity
 (µ
A
 c
m

-2)

 

Potential (V) versus SCE

Page 1 of 6 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 1
8 

O
ct

ob
er

 2
01

6.
 D

ow
nl

oa
de

d 
by

 C
or

ne
ll 

U
ni

ve
rs

ity
 L

ib
ra

ry
 o

n 
20

/1
0/

20
16

 2
1:

25
:4

4.
 

View Article Online
DOI: 10.1039/C6RA20335C

http://dx.doi.org/10.1039/c6ra20335c


COMMUNICATION Journal Name 

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

related to the redox activity of poly(azo-BBY) becomes more 

evident, indicating continuous electrodeposition of the film. 

The polymerization mechanism is based on nitrogen-nitrogen 

coupling reactions (head-to-head coupling). In the nitrogen-

nitrogen coupling mechanism, the first step is oxidation of the 

amine group (3-amine group in BBY) yielding a radical cation 

and/or dication in acid media
11-13

 at high positive potential 

values (Scheme 1- stage 1). The radical then undergoes the 

head-to-head coupling to form hydrazobenzene (stage 2) 

which can be further oxidized to produce new azobenzene 

species. 

 

 

 

 

 

 

Scheme 1. Schematic representation of –N–N– coupling. Stage 1 = 

formation amino radical cation by electrochemical oxidation. Stage 2 = 

coupling reaction of the radical cation. R1 = amino group; R2 = aryl 

diimide.  

 The CV recorded at FTO modified with poly(azo-Bismarck Y) 

(Fig. 2B) shows a quasi-reversible redox couple (Epa = 0.28 V; 

Epc = 0.00 V vs SCE), which is attributed to oxidation and 

reduction of the azo group
12, 14, 15

 as follows: 

 

 The peak current scales linearly with the scan rate, as 

expected for a surface-confined reaction. CV enables the 

determination of the HOMO/LUMO energy levels from the 

onset potentials (�����/���� � 	
���
����	��.���� � 4.4	eV�) 

of conjugated polymers,
16

 which were calculated to be -4.92 

eV and -4.64 eV, respectively. Three thin films of polyBBY were 

prepared directly onto ITO applying 15, 50 and 100 cycles. The 

film thicknesses were calculated by background-corrected 

electric charge and film molar volume.
17, 18

 Under the 

electropolymerization conditions described above, the 

thicknesses of the membrane were 0.0109 nm, 0.0204 nm and 

0.0212 nm, respectively. The polymer film thickness is not 

proportional to the number of cycles and indicating a 

saturation of the electrode surface. 

 The optical properties of poly(azo-Bismarck Y) of different 

thicknesses electrodeposited on FTO (FTO/pBBY) electrode 

were analyzed by UV-Vis spectroscopy and are shown in Fig. 

3A1-3. The UV-Vis spectra of poly(azo-Bismarck Y) show two 

characteristic absorption bands at 302-312 nm and 460-471 

nm.
4-7

 These two maxima are consistent with the expected 

presence of two different conjugation lengths in the twisted 

structure. The first band is related to the trans-form, which is 

the predominant form of the monomer in solution, while the 

second band is related to the cis-form of the azobenzene 

group (see Fig. 3B). 

 The absorption onset at 600 nm corresponds to an energy 

band gap of 2.05 eV attributable to the n→π* transition of the 

azo group.
5
 Such spectral features indicate a rigid conjugated 

planar structure with strong intramolecular interactions.
6, 19

 

The coplanarity of the cis isomer in the polymer allows a 

greater degree of resonance and, consequently, higher 

absorption intensity. The beginning of a broad absorption 

band at around 700 nm in the direction of longer wavelengths 

is associated with the polaronic state of the polymer, 

consistent with an average effective conjugation length in the 

polymer network that is too short to accommodate a polaron 

state.
20

 In the cis form, the conductivity through the π 

conjugated bonds of the polymer is facilitated and, therefore, 

film structures with prevalence of the cis form will be more 

conductive. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3   UV-Vis spectra of poly(azo-Bismarck Y) of different thicknesses 

obtained for (A1) 15 cycles, (A2) 50 cycles and (A3) 100 polymerisation 
cycles showing peaks relating to trans and cis forms of the polymer. (B) 

Corresponding chemical structures of the polymer: trans-isomer 
structural unit and cis-isomer structural unit.  

 Impedance spectra gave information about the physical 

and interfacial properties of the FTO electrodes modified with 

pBBY as well as the electrochemical properties of the polymer 

film. Spectra obtained at −0.35 V and +0.30 V vs. SCE for 

FTO/pBBY of different thicknesses are shown as complex plane 

plots in Fig. 4A and 4B, respectively. The spectra were fitted to 

the electrical equivalent circuit presented in Figure 4C and the 

fitting results are given in Table 1. Similar equivalent circuit 

was used to fit spectra obtained at electrodes modified with 

redox polymers.
21, 22

 

 The spectra for the reduced/oxidized state of poly(azo-

Bismarck Y) obtained at -0.35 /+0.30 V vs. SCE consist of a 

small radius semicircle at high frequencies (down to 100 Hz) 

(Fig. 4A2,B2) followed by a second semicircle of larger radius in 

the low frequency region (below 100 Hz) (Fig. 4A1,B1). The 
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origin of the incomplete feature, modelled as part of a semi-

circle, in the high frequency region can be associated with 

phenomena including uneven charge distribution on the 

electrode surface, and high mobility and number of charge 

carriers inside the polymer.
23-25

 At both applied potentials, the 

first RC combination is associated with the film-electrode 

substrate interface (R1 and CPE1), the values varying with film 

morphology and/or structure, and the second with the film 

itself and the polymer film-solution interface (R2 and CPE2) the 

values depending on polymer thickness as well as on oxygen 

solution content, at negative potentials (data not shown). The 

value of the charge transfer resistance R1 can be associated 

with the redox processes of the azo group at the 

polymer/electrode substrate interface, while R2 is related to 

charge transfer inside the polymer film network as well as 

between the poly(azo-Bismarck Y) and solution. All impedance 

spectra show a Warburg impedance at medium frequencies, 

attributed to finite diffusional processes inside the polymer, 

depending especially on film porosity. The CPE1 represents the 

capacitance values at the electrode/polymer interface while 

CPE2 corresponds to the capacitance of the film in contact with 

solution. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4   Complex plane impedance spectra recorded at FTO/pBBY of 

different thicknesses in 0.5 mol L-1 KCl containing 10 mmol L
-1

 HCl at 
(A) -0.35 V and (B) +0.3 V vs SCE ; (A2) and (B2) are magnifications of 

the high frequency part of the impedance spectra in (A1) and (B1). The 
dotted lines show fitting to the electrical equivalent circuits in (C). 

Impedance spectra recorded from 65 kHz to 0.1 Hz frequencies per 
decade, sinusoidal amplitude 10 mV.   

 It can be seen from Table 1 that the charge transfer 

resistance R1 decreases with increase of film thickness at both 

applied potentials, probably due to the formation of island-like 

structures during the first 15 polymerisation cycles, which will 

overlap forming a complete uniform film layer, also indicated 

by the increase in α1 values which become 1.0 after 100 

polymerisation cycles. The decrease of R2 is due to an increase 

in film conductivity with increasing number of polymerisation 

cycles, explained by the prevalence of more cis structure for 

thicker films, which enables better electronic conductivity, as 

seen in the UV-vis spectra discussed. Moreover, at -0.35 V vs 

SCE, R2 is lower than at +0.30 V, due to electron transfer 

processes occurring between the polymer and dissolved O2, 

being highly influenced by the O2 solution content. An increase 

in O2 content leads to a decrease of the R2 values. Considering 

R2 and the thickness values, an estimation of the conductivity 

of the films was made, and values are presented in Table 1. As 

observed, the conductivity increases with the number of 

polymerisation cycles, CPE2 values increase with the increase 

in film thickness, in this case the decrease of α2 values for 

thicker films implying more non-homogeneous structures. The 

films obtained during more polymerization cycles present 

lower charge transfer and film resistance and higher 

capacitance values, the electrical properties of the films being 

highly influenced by the polymer structure, the thicker 

polymer films with the cis structure prevalent being more 

conductive, important knowledge for the future design of 

devices incorporating these polymers. Further studies in the 

literature have demonstrated that cis-polymers may have 

higher conductivity than of trans-polymers.
26-29

 

 In general, these conclusions drawn from the 

electrochemical impedance data are backed up by 

morphologic investigations. Fig. 5A and 5B show 

magnifications of the polyBBY for two thicknesses 

electrodeposited on FTO electrode and clearly show the 

change of surface morphology. The SEM image of the thin film 

(50 polymerisation cycles) shows a surface less nano-

structured with porous texture. The irregular pore distribution 

takes place due to the coexistence of different porous 

domains, thus resulting pore diameters between 10 nm and 90 

nm. This porous morphology makes the polyBBY suited for the 

electrochemical applications as an electrode material in 

capacitors. Finally, and most excitingly, in image of the thicker 

film can be detected a dense layer, as shown in Fig. 5B, 

indicating the conjugated structure of the polymer on surface 

electrode, as determined from impedance spectra. It is 

apparent from these SEM images why the optical and 

impedance properties of the polymer are different in function 

of the thickness.  

 In summary, we have demonstrated the electrochemical 

and optical properties of poly(azo-Bismarck Y) are consistent 

with the formation of an electroactive conjugated network. 

Contrary to what was thought, the predominance of the more 

stable cis isomer in the polymer supports the conjugated 

structure. It is increasingly clear that the electronic properties 

of the polyBBy depend sensitively on the conformation of the 

polymer chains and the way the chains pack together in films. 

These results open new and interesting perspectives for the 

development of photoisomer materials with potential 

applications in sensors or catalysis. Further studies exploiting 

these characteristics are currently under way. 
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Table 1. Fitted parameters of the electrochemical impedance spectra of pBBY film modified electrodes of different thicknesses, 

formed by electropolymerization of BBy by potential cycling for 15, 50 or 100 cycles. 

E / V  

vs SCE 

Nº of 

cycles 

R1 

Ω cm
2
 

CPE1 

nF s
α-1

 cm
-2

 
α1 

ZW 

Ωs
-0.5

 cm
2
 

τ 

ms 
αW 

R2 

kΩ cm
2
 

σ 

pS cm
-1

 

CPE2 

µF s
α-1 

cm
-2

 

α2 

-0.35 

15 63.2 27.7 0.95 31.9 0.35 0.42 14.6 74.7 24.3 0.98 

50 38.9 26.9 0.99 17.5 0.35 0.40 11.9 168.1 27.8 0.95 

100 19.1 1450 0.99 - - - 9.6 229.2 35.4 0.93 

+0.30 

15 62.8 18.0 0.98 23.2 0.50 0.47 30.4 35.9 38.1 0.91 

50 38.0 6.0 1.0 10.0 0.29 0.46 18.8 106.4 43.1 0.88 

100 39.0 0.5 1.0 14.5 0.30 0.42 15.2 144.7 52.3 0.87 

 

 

 

 

 

 

 

 

 

 

Fig. 5 SEM of polyBBY deposited on FTO electrode of different 

thicknesses obtained for (A) 50 cycles and (B) 100 polymerization 
cycles. Left scale bar is 1 µm.   

Experimental 

The azo dye molecule 4,4'-[1,3-phenylenedi(E)-2,1-diazenediyl] 

di(1,3-benzenediamine) (BBY) was acquired from Sigma-

Aldrich. A standard three-electrode cell was used for the 

preparation of the polymer and for electrochemical 

measurements. The working electrode was a glass slide 

covered with fluorine tin oxide (FTO) (Sigma-Aldrich) and the 

counter electrode was made from Pt wire. All potentials were 

measured relative to a saturated calomel electrode (SCE) as  

 

reference, with a µAUTOLAB type III galvanostat/potentiostat 

(Metrohm-Autolab, Netherlands). 

 The electropolymerization of BBY was done on the FTO 

electrode (1.0 cm
2
) by potential cycling between -0.3 and +1.0 

V vs  SCE at a scan rate of 100 mV s
-1

, for 15, 50 and 100 cycles 

in a solution containing 10 mmol L
-1

 BBY and 1.0 mol L
-1

 HCl. 

Before each experiment, the solution was deaerated using 

pure nitrogen gas. 

 Electrochemical impedance measurements were done with 

a PC-controlled Solartron Frequency Response Analyser 

coupled to Solartron 1286 Electrochemical Interface using 

ZPlot3.1 software. A sinusoidal voltage perturbation with 

amplitude of 10 mV rms was applied in the frequency range 

between 65 kHz and 0.1 Hz with 10 frequency steps per 

decade. EIS measurements were performed in 0.5 mol L
-1

 KCl 

solution containing 10 mmol L
-1

 HCl (pH 2.1). Fitting of the 

spectra with the equivalent electrical circuits was performed 

with ZView 2.4 software.  

 UV-Vis spectroscopy measurements were carried out using 

a Perkin Elmer Lambda 25 spectrophotometer to determine 

the characteristic absorption band and to monitor the growth 

of the azopolymeric film deposited onto the FTO electrode. 

 The surfaces of the samples were examined using an EVO 

50EP (Carl Zeiss SMT AG, Germany) scanning electron 

microscope. All observations were carried out with a 

secondary electron (SE) detector in high-vacuum mode at 15 

kV accelerating voltage. 
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