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Abstract
The influence of the donor unit of D-A type of m-conjugated organic materials on optical and

electrochemical properties is studied. The stability of organic materials is limiting factor in
commercial applications of these type of materials. Report usually focus on short time device
performance which is worsened in short time. One of the main reason is poor stability of organic
compounds during doping. Herein the influence of different donor units with benzothiadiazole as
acceptor units on p- and n-doping is taken to consideration. The UV-Vis-NIR and EPR
spectroelectrochemical measurement help in the elucidation of different effects determinig the
ambipolar properties of these polymers. The inductive and resonance effects are well known. Herein
additional steric effect leading to rigidification of polymer chain and stabilization of n- and p- doped

polymers is observed. The proper combination of these units is crucial to obtain better D-A polymers.

Keywords: conducting polymers, donor — acceptor, thiophene, benzothiadiazole, electrochemistry,

spectroelectrochemistry,

1. Introduction
Numerous papers have been reported the influence of the side groups. Usually the side groups

such as alkyl chains are incorporated in order to improve solubility of conjugated molecules in organic
medium. Other substituents including several functional groups are incorporated to modified physical
properties such as energy levels, absorption, emission and morphology[1,2]. Side groups often lead to
improved self ordering with enhanced charge mobility[3] in other cases they worsen the electric
conductivity due to steric hindrance. HOMO and LUMO orbital energy levels and hence energy gap
can by tuned mainly own to different inductive or resonance effects. Electron withdrawing groups

lower orbital energy levels while electron donating groups raise orbital energy levels. First group of



substituents include aldehyde[4], malanonitryle[5], alkylsulfonyl[6] and fluoroalkyl[7] groups. The
latest include alkoxyl[8], alkyloamino and acetate groups.

A special kind of interaction caused by side groups is observed in the case of poli(3,4-etyleno-
1,4-dioksytiofen) (PEDOT). A strong interaction between O and S atoms of neighboring EDOT units
leads to rigititation of polymers chain effectively reinforcement the effective conjugation length[9].
This effect resulted in the great electrochemical and optical properties has contribution to commercial
applications of PEDOT[10]. A sulphur derivative 3,4-etyleno-1,4-ditiatiofen (EDTT) present similar
redox properties to EDOT[11], however redox properties of their polymers are more divergent due to
weaker interaction between S atoms[9].

The donor-acceptor (D-A) structure in conjugated polymers has been introduced in recent
years to afford polymers with improved properties. This type of m-conjugation organic materials
consist of electron-rich and electron-deficient units[12]. Some D-A polymers exhibited remarkable
properties such as broad and strong absorption, narrow band gap, fast and reversible color changing,
high conductivity[13—16]. In addition these groups of polymers present high stability during doping
process with different charge carriers during the redox process that is considered to be one of the main
processes to decrease the distance between HOMO and LUMO energy levels[17]. This has pushed
them to be employed in several electronic applications such as photovoltaic devices [17—-19] organic
field effect transistors[13] and electrochromic devices for instance smart windows and mirrors
[15,20,21].

The benzothiadiazole (BT) molecule is considered to be one of the richest electron acceptor
units used to modified the LUMO energy level in D-A type of polymers[22]. An electron-deficient BT
unit has been attached to electron rich molecules such as thiophene derivatives resulting in unique
optical and electrochemical properties[23—27]. When BT is incorporated with electron donor units, the
extension of the conjugated length appears, due to the occurrence of intarmolecular charge transfer
(ICT) in D-A structure[28,29]. These conjugated materials have been synthesized and characterized to
enhance the electrochemical and optical properties for instance low HOMO-LUMO gap values, fast
switching time, high optical contrast and high conductivity[19,30,31].

Toppare et al. have investigated D-A materials based on 3,4-ethylenedioxythiophene (EDOT)
and BT as donor and acceptor units respectively, that exhibited an extremely low band gap and high
stability under redox cycling[32-35]. Therefore these materials are candidates for electrochromic
applications owing to their fast switching and reversible change between green and transmissive light
blue in the neutral and doped states, respectively. Similarly, El-Shehawy et al investigated a series of
D-A alternating conjugated copolymers based on hexylthiophene and BT units[28]. From these
studies, broader absorption bands with modified HOMO and LUMO orbital energy values have been
demonstrated. Thiophene derivatives have been studied previously and they have shown exceptional
electroactive behavior in both monomer and polymer cases. These materials acted as a conducting

polymer own to its properties such as low oxidation potential and high conductivity[36].



In this paper, five monomers (1-5) and their polymers have been characterized. Polymers have
been prepared electrochemically and studied using electrochemical and spectroelectrochemical
experiments. Monomers (1-5) contain a benzothiadiazole core, attached to two side units which are

thiophene, 3-hexylthiophene, 3-dodecylthiophene, EDOT and EDTT.

2. Synthesis and experimental
2.1 Materials and synthesis
The structures of monomers are shown in Figure 1. 4,7-bis(thiophen-2-yl)-2,1,3-

benzothiadiazole (1) was purchased from TCI Europe.
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Figure 1. Investigated monomers 1-5.

Compounds 2-5 were synthesized according to the procedure illustrated at scheme 1. Benzothiadiazole
was dibrominated using HBr and Br.. 3,4-Ethylenedioxythiophene (EDOT), 3.4-
ethylenedithiothiophene (EDTT) and 3-hexylthiophene were stannylated via lithiation followed by the
addition of Me3SnCl at -78°C. Compounds (2-5) were obtained in good yield (78, 82 and 67%
respectively) using microwave assisted Stille cross coupling at 160°C and Pd(PPh3)4 as the catalyst.14
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Scheme 1. The synthesis of compounds 2 to §

2.2 Electrochemistry



Electrochemical measurement were made in a classic three electrodes assemble with Pt disc
electrode as the working electrode, Pt spiral as the counter electrode and Ag wire as pseudo-reference
electrode. All experiments were made in dichloromethane (DCM) (Sigma-Aldrich, for HPLC),
acetonitryle (ACN) (Sigma-Aldrich, for HPLC), tetrahydrofuran (THF) (Alfa Aesar, 99,5 Extra dry) or
in mixed DCM/ACN solutions. Tetrabutylammonium hexafluorophosphate (BusNPF¢) (TCI) 0.1 M
was used as the supporting electrolyte. All solutions were deoxygenated by bubbling 15 minutes with
Ar before measurement. All measurements are referenced versus ferrocen redox couple.

Electrochemical measurement were made using CH Instruments 620.

2.3 Spectroelectrochemistry

Polymer films were electrochemically deposited directly on ITO electrode. After synthesis,
polymers were rinsed with fresh solvent, immersed in 0.1M BuNPF¢ACN electrolyte and
electrochemically dedoped. Optical spectroelectrochemical cell adapted for simultaneous EPR, UV—
vis—NIR and electrochemical measurement was used. The spectroelectrochemical cell consist of
cylindrical quartz tube and intermediate EPR signal-free quartz flat part. 0.3 mm ITO electrodes were
inserted to the 0.5 mm slot in the flat part. Teflon coated Ag pseudo-reference electrode was assemble
next to the ITO electrode. Pt spiral counter electrode was assemble in the cell tube bottom part. Ar
bubbling of electrolyte solution was performed in the cell tube top part continuously during
spectroelectrochemical measurement.

EPR measurements were carried out using JEOL JES FA 200, X-band CW-EPR spectrometer,
operating at 100 kHz field modulation, while UV—vis—NIR measurements were carried out using a
Ocean Optics QE65000 and NirQuest512 spectrometers coupled with DH-BAL200 light source. EPR
spectrometer were equipped with optical resonator. Light for UV—Vis—NIR measurement was
provided and collected by optical fibers. Potential were applied by Autolab PGSTATI100N
potentiostat.

EPR and UV-Vis-NIR spectra have been collected in situ at stepwise applied potentials in the
anodic range during p-doping and dedoping. This procedure was changed in the cathodic range due to
different characteristic of reduction processes and difference in electrochemical stability of n-doped
polymers.

The spectroelectrochemical measurement of p-doping and dedoping were made after reaching
the equalibrum which takes several seconds. In this state further changes at EPR or UV-Vis-NIR
spectra are not observed. EPR spectra were measured at every potential twice with two different
parameters to ensure the best conditions to estimate g-value, relative spin concentration and linewidth
(ABpp). The relative concentrations of paramagnetic species was determined by double integration of
the first-derivative EPR spectra with baseline correction. The g-factor was estimate using Mn marker.
ABpp of EPR signal was estimated from spectra recorded with modulation amplitude equal or lower

than 0.25 of the narrowest ABpp. The high signal to noise ratio is required from measurement aimed at



estimation of concentrations of paramagnetic species. This can be achieved by setup high modulation
amplitude. To estimate the best signal to noise ratio the same modulation amplitude was used, being
chosen as 1.5 of the narrowest ABpp. This value was in the linear range of dependence of signal
intensity estimated from double integration of EPR signal and modulation amplitude. Second EPR
spectra was recorded at modulation amplitude chosen as 0.25 of the narrowest ABpp. At this
parameter only negligible deformation of EPR line shape is observed and hence the linewidth of EPR
signal can be estimated[37].

The procedure of spectroelectrochemical measurement during n-doping and dedoping was
different. The reduction potential has been set from CV reduction curves as reduction potential peak.
In contrary to p-doping the equilibrium in the n-doping was achieved after much longer time reaching
several minutes. Spectra were recorded after reaching the electrochemical equilibrium. EPR spectra
were recorded only at modulation amplitude chosen as 0.25 or lower of the narrowest ABpp own to

better signal to noise ratio than in oxidation process.

3. Results

3.1 Photophysical properties of monomers.

The absorption spectra of monomers 1-5 recorded in DCM solution are shown in Figure 2.
The absorption spectra of all compounds are similar in shaped with at least three peaks. The lowest
energy peak can be assigned to intramolecular charge transfer (ICT)[29]. Higher energy peaks
correspond to the m-m* transitions at main chain. The absorption spectrum of 1 exhibits peaks at
443 nm, 307 nm and 253 nm. The spectra of monomers 2 and 3 present bathochromic shift with peaks
at 456 nm, 311 nm and 258 nm as a results of inductive electron donating effect of alkyl substituents.
The absorption peaks of compound 54 are located at 448 nm, 301 nm, and 252 nm while for
compound 45 are located at 479 nm, 323 nm, 263 nm compared to compounds 2 and 3. The
bathochromic shift of compound 45 arise from mix inductive and mesomeric effects of ethylenedioxyl
substituent[38].

The ICT is commonly observed in the D-A type of conjugated molecules both low molecular
weight materials and polymers containing in their structure BT and different thiophene derivative
units[39-45]. Characteristic properties of this type of molecules such as low energy gap and strong

broad absorbance are important in the photovoltaic application[44,45].
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Figure 2 UV-Vis spectra of 1-10* M compounds 1-5 solutions in DCM.

3.2 Electrochemistry.

The electrochemistry of the monomers and polymers was achieved by cyclic voltammetry in

an DCM, ACN, THF or mixed DCM/ACN solutions. Different solvents were chosen due to significant

differences in the solubility of studied compounds and different electrochemical window of solvents in
anodic and cathodic range.
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Figure 3 Cyclic voltammetry of compounds 1-5 in cathodic and anodic range; concentration 1-107 M;
0.1 M BuyNPF¢/DCM; scan rate 0.1 V-s7'.
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Figure 4 Cyclic voltammetry of compounds 1-5 in extended cathodic range; 1-10° M solutions in 0.1
M BusNPF¢/THF; scan rate 0.1 V-s™.



Cyclic voltammetry curves performed in DCM exhibit quasireversible redox pair in cathodic
range and irreversible peak in the anodic range (Figure 3). A redox pair in the cathodic range is
attributed to the reversible reduction of the BT unit. BT is known to be a strong electron acceptor.
THF was chosen to exceed the potential range in cathodic range due to broader potential window in
this range. Cyclic voltammetry performed in THF present two well separated reduction peaks, first
reversible and second irreversible reduction peak (Figure 4). Results are summarized in the Table 1.

The difference of oxidation potential values in the monomers is attributed to the different side
group effects. Monomer 45 has the lowest potential compared with other monomers. It is consistent

with earlier reports about the reducing the oxidation potential of EDOT compared to thiophene units.

Table 1 Redox and electronic properties of monomers and polymers. I[P — ionization potential
estimated from equation IP = 5.1 + E9x..:; EA - electron affinity estimated from equation EA =

514+ EX et s E;l - electrochemical energy gap estimated from equation Egl =[P — EA;

E;p — optical energy gap estimated from equation E_gp = 1240/A,nset Where Agpset is the onset of

absorption edge.
compound Egnset Egnset Ip EA Eg' Eg"
[V] [V] [eV] [eV] [eV] [eV]
1 0.69 -1.74 5.8 3.4 2.4 2.44
polyl 0.34 -1.52 5.4 3.6 1.8 1.63
2 0.62 -1.71 5.7 3.4 2.3 2.36
poly2 0.30 -1.57 5.4 3.5 1.9 1.61
3 0.62 -1.71 5.7 3.4 2.3 2.36
poly3 0.36 -1.60 5.5 3.5 2.0 1.57
5 0.53 -1.70 5.6 3.4 2.2 2.39
poly5 0.30 -1.4 5.4 3.8 1.7 1.75
4 0.33 -1.77 5.4 3.3 2.1 2.25
poly4 -0.68 -1.66 4.4 3.4 1.0 1.26

All monomers present good solubility in DCM and THF. However the electrochemical
polymerization of 2 and 3 in these solvents lead to formation of soluble products. ACN is poor solvent
for compounds with long alkyl substituents, the elongation of alkyl chain worsen the solubility. These
are the reasons of electropolymerization performance of compounds 2 and 3 in mix DCM and ACN
solution. Proper rate of these solvents ensure the 1mM solubility of compounds 2 and 3 with

simultaneous insolubility of products formed as a result of electrooxidation of monomers.



Cyclic voltammetry recorded during reverse scanning for the first oxidation peak is presented
at Figure 5. In all cases below oxidation potential of monomers at every subsequent scan an increase
of current is observed. Simultaneously the electrochromic film deposit at working electrode. Redox
peaks at lower potentials appear as a results of formation of compounds with longer conjugation at the
electrode surface. These results indicate the occurrence of electrochemical polymerization according

to well known electrodeposition mechanism of conjugated polymers[46].
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Figure 5 Cyclic Voltammetry recorded during polymerization of compounds 1-5: 2 in DCM:ACN
1:1(a); 3 in DCM:ACN 1:3 (b); 54 (c) and 45 in DCM (d). 0.1 M BusNPFs as supporting electrolyte.
Scan rate 0.1 V-s™.

The cyclic voltammetry of polymer films were made in ACN due to their insolubility in this

solvent (Figure 6). The characteristic of voltammetric curves depends on structure of thiophene



derivative units. Detailed analysis reveals that all polymer can be reversibly. Considering the influence
of alkyl substituents on the redox properties the current ratio between n-doping and p-doping was
taken into account. At CV of polyl sharp and reversible reduction is observed. The current ratio
between n- and p-doping clearly decrease in order polyl; poly2; poly3. The increased length of alkyl
substituents worsen the n-doping ability of polymer films. It can be explained as a result of moving
apart of polymer chains with increased volume of alkyl groups and hence reduction of charge carriers
hopping between electron acceptor moieties.

The CV of poly45 exhibit the strong shift to lower potential values of oxidation onset potential
compared to polyl and its alkyl derivatives. This characteristic effect in the EDOT derivative
polymers is mainly attributed to the intramolecular chalcogen—chalcogen interactions. A strong O---S
intramolecular interaction between neighbor EDOT units lead to rigidity of polymer chain and
increase of effective conjugated length[9]. Similar effect is much weaker between S---S intramolecular
interaction in the case of poly54. Based on basic redox properties determined from CV further

spectroelectrochemical measurements were made.
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Figure 6 Cyclic Voltammetry of polymer films recorded in 0.1 M BusNPFs / ACN . Scan rate 0.1 Vs



3.3 Electronic properties

The electronic properties of monomers and polymers were estimated from cyclic voltammetry
and UV-Vis spectra. The ionization potential (IP) were calculated from the onsets of the first oxidation
peak and the electron affinity (EA) from the onsets of the first reduction peak. IP and EA are
associated with HOMO and LUMO level respectively. From difference between IP and EA the
electrochemical band gap Egl was estimated. Optical HOMO-LUMO band gap E;p was estimated
from the intersection of the line based on the edge of the spectrum and baseline. The energy of onset
of the absorption edge gives E ;; P for the monomers and polymers. Results are collected in Table 1.

Monomer 1 have IP value of 5.8 eV. The IP value of 45 is equal to 5.4 eV as a results of
electron donating effect of 3,4-etyleno-1,4-dioksyl substitution and additional rigidity effect. Similar
much weaker effect present monomers 2, 3 and 54 with IP equal to 5.7 eV. All monomer present
similar EA values in the range from 3.3 eV up to 3.4 eV. Egl and E;p are similar in value, their
difference not exceed 0.2 V. In both cases monomer 45 has the lowest value.

In all cases of polymers the decrease of EA and increase of IP compared to monomers is
observed. IP of polyl, poly2, poly3 and poly54 is lower than monomers approximately 5.4 eV.
Compared to monomers only 0.3 eV shift is observed. Much greater difference is observed in the case
of compound 45 which oxidative electrodeposition results in the product with EA of 4.4 eV. It is
characteristic effect observed for EDOT and PEDOT due to strengthened of influence of O---S
intramolecular interaction in the polymer structure.

Compared to pure PEDOT only slightly change of the IP occurs. The conjugation between
biEDOT units formed as a results of electrochemical oxidation of monomers is not interrupt at BT
units. It is explained by conjugation through p-benzoquinoidal type of structure at BT moiety.

The influance of substitution and polymerization at EA values is smaller however observed. It is
typical for compound with BT acceptor unit, which LUMO is localized mainly at 1,2,5-thiadiazole
moiety.[47]

Calculated Eg()p values were found to be 2.44, 2.33, 2.33, 2.23 and 2.37 eV for monomers 1-5
respectively. Egl was estimated to be 2.3 eV for 2 and 3, 2.2 for 54 and 2.1 for 45. Greater differences

between studied compounds were found in the case of polymers. The trend of Egel and E;p of
polymers is similar to monomers. In all cases of polymers the narrowing of those values is observed.
The narrowest energy gap characterize poly(45) mainly as a results of change of HOMO level. The
differences between EJ Land E, ; P for polymers can be explained as effect of additional electrochemical
processes taking place at the working electrode such as reorganization of the polymer film structure

and different overpotential components.



3.4 EPR/UV-Vis-NIR spectrelectrochemistry.

The role of structure of the electron donor units on properties of D-A type of conjugated
polymers were investigated by detailed triplet EPR/UV-Vis-NIR spectroelectrochemistry. EPR and
UV-Vis-NIR spectra have been collected in situ at stepwise applied potentials according to procedure
described in the experimental section.
p-Doping

Starting from the potential at which polymers were in their neutral form the potential was
gradually increased. The electrochemical p-doping were performed up to the potential estimated from
CV at which polymers were stable during multiple p-doping and dedoping. In measurement conditions
electrochemical instability begins after exceeding of this potential.

Selected EPR spectra of poly2 electrodeposited at ITO electrode are shown at Figure 7.
Spectrum recorded at 0 V exhibit small intensity EPR signal. Signal begins to increase at potential
slightly below E2%.... This is result of different measurement conditions potentiodynamic during
cyclic voltammetry and potentiostatic during in situ EPR measurement. In the p-doping half cycle the
EPR lines change their intensity and linewidth. The basic characteristic of other studied polymers is
similar. The increase of EPR line intensity at the beginning of the oxidation process is observed for all
four polymers. The differences occurring mainly at higher p-doping levels were analyzed in details.

Simultaneously UV-Vis-NIR spectra were recorded (Figure 8). UV-Vis-NIR spectra of
polymers in their neutral state are similar in shape although the transition energy is clearly dependent
on the polymer structures. The UV-Vis spectra of all polymers begin to change at the beginning of
oxidation. New absorption bands appear in the lower energy range. The formation of these new
transitions is associated with formation of well known charge carriers at conjugated polymer
backbone. At Figure 8 the difference spectra are also shown in order to better characterize redox
processes occurring at different p-doping levels. Recorded UV-Vis-NIR changes were compared with
date obtained from EPR spectral analysis.

First aspect taken into consideration is the influence of alkyl substituents on p-doping process.
Ed% e is similar for polyl and its alkyl derivatives poly2 and poly3. At the beginning of oxidation the
relative concentration of spins increase sharply (Figure 9). Simultaneously the formation of two broad
absorption band at approximately 800 nm and 1400 nm is observed. At higher p-doping levels new
band appears. The overlapping of different electron transitions and simultaneous increase of different
peaks occur in broad potential ranges. At high doping level these changes of transition bands correlate
with changes of relative spin concentration. The relative spin concentration increase up to 0.75 V
(polyl), 0.7 V (poly2) and 0.58 V (poly3). In these potential ranges different electron transitions
bands increase. After exceeding of these potentials the increase of intensity of transition band located
at 1200 nm dominate at UV-Vis-NIR spectra. Simultaneously the relative spin concentration begins to

decrease.



The comparison of p-doping of polythiophene D-A type derivatives with common
polythiophenes reveals similarities[48]. The formation of spin bearing molecules with g-factor 2.0023
at the beginning of oxidation and two strong absorption bands indicate formation of polarons. At
higher doping level the simultaneous appearance and increase of different ovelaping absorption bands
and increase of relative spin concentration indicate simultaneous formation of polarons and spinless
species. The equilibrium between both type of charge species occur in this broad potential range. Their
ratio change with increased potential as can be seen at UV-Vis-NIR spectra. The g-value slightly shift
up to 2.0026 (polyl) and 2.0025 (poly2 and poly3) indicating change of the radical surrounding with
increasing doping level. Finally only spinless species with only one transition band are generated.
Commonly spinless species are explained by bipolaron, dicationic interchain n-dimers or c-dimers
model[46,48,49]. The correctness of those models is the subject of unresolved debate from few
decades.

Analyzing the electrochemical dedoping the hysteresis in number of spin bearing species is
observed. This phenomenon is also observed at CV. In the case of electrochemistry of conjugated
polymers in the solid state the hysteresis is often observed and their explanation is still meter of
discussion. It is interpreted by different kinetic and thermodynamic effects[46]. Initial explanations
include charge diffusion during charging and discharging or conformation changes. However
therodynamic explanation focus on formation of interchain energetically more stable c-dimers with
more negative redox potential than neutral polymer, spin pairing into n-dimers[50] or the stability of
quinoid structure of bipolaron species[51].

The p-doping and dedoping of poly54 also takes place with formation of polarons at the
beginning of oxidation and spinless species at higher potentials. Characteristic polaron peaks are
located at approximately 800 nm and 1500 nm, spinless species at approximately 1150 nm. EPR signal
of generated poly54 radical is centered at g-value 2.0038 at low doping levels and 2.0042 at high
doping level. These values are significantly different comparing to polyl and free electron value
g=2.0023. This indicate great contribution of the sulfur atoms to the radical cation orbital in oxidized
poly54.

The careful inspection of poly45 reveal more complex course of concentration of
paramagnetic species than taking place in other studied polymers. In this point we also compare
obtained results with previously reported by our group PEDOT doping[52]. The strong shift of Edyges
to low potential values observed in PEDOT voltammetry (approximately -0.9 V)[52] is maintained in
poly45 voltametric characteristic (-0.68 V). Compared to other studied polymers its revealed as shift
of EZX . by approximately 0.9 V. The CV of poly45 and related concentration spin density is slightly
shifted to more positive potentials than in the case of PEDOT. The trend at the beginning of doping is
similar with increase of spin concentration up to -0.45 V. In this range at the UV-Vis-NIR spectra the
overlapping of the neutral polymer transitions and first strong polaron transition is observed. After

exceeding this potential the overlapping of more transition bands can be distinguished. The relative



concentration spin density fluctuated and then slightly increase in contrast to PEDOT. The spin
density of PEDOT after reaching -0.4 V decrease monotonously. This is also reflected in CV of both
polymers. The current at CV of poly45 after exceeding of the first distinguishable peak at
approximately -0.3 V slightly decrease and then increase in contrast to PEDOT CV at which
monotonous decrease is observed. This can be attributed to the superposition of several redox states
characteristic in conjugated polymers with long chain length. The presence of several redox states can
be linked to formation of different charge carriers in crystalline and amorphous polymer phase. Similar
interpretation was proposed and widely studied for electrochemically generated PEDOT[52].

In order to elucidate the character of spin bearing carriers in poly45 the changes of linewidth
of EPR signal and g-factor were estimated (Figure 10). Simultaneously with change of spin density the
significant change of linewidth of EPR signal is observed. Analyzing the g-factor plot three ranges can
be distinguish. In the initial range up to -0.35 V the g-factor value of 2.0026 is constant. At higher
potentials g-factor slightly shift to higher values which indicate increase of spin density at S, N or O
atoms. Simultaneously ABpp begins to increase indicated larger localization of radicals. At higher
doping level in the measured range results in sharp shift of g-factor up to 2.0031 and further ABpp
increase. The g-factor values of oxidized poly45 are larger than in polyl but lower than in poly54.
This indicates distinct contribution of oxygen atoms to radical cation orbital however lower than in the

case of sulfur atoms.
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Figure 7 Selected EPR spectra of poly2 electrodeposited at ITO electrode in 0.1M BusNPFs/ACN

solution, recorded in situ at progressively incremented potentials applied to the film.



UV-Vis-NIR spectra

UV-Vis-NIR absorption difference

Absorbance

Absorbance

poly1
0.08
‘ ﬁ/ —o1v
] 0.15V
0.07 Al JJJ& 0.23V
] ) 0.26V
g 008 ‘ / //\/\\’\Q o3
S 0059 \’\\\\\':/ /Jﬁ\,\_,\’\ 035V
2 045V
5 0.04 4+
o 05V
3 003 \\// ™ NAL—o055V
< UV03 """\\\_’v o6V
L | L0865V
0.024 RN Y o7y
—o075V
0.014 o8V
0.00 4+ t SR SUBR:
400 600 800 1000 1200 1400 1600
Wavelength / nm
poly2
0.14 —o0.1V
0.12 [N
124 —— 03V
/-/\x\‘”\ 04V
D 0.104 /// 045V
3] % Y05V
S 0084 %\// ol osy
5] \ X 063V
@ 0.061 065V
=) 067V
0.041 —— 0.7V
: —0.75V
—— 08V
0.024 _
s BN 09V
0.00 Maals
400 600 800 1000 1200 1400 1600
Wavelength / nm
0.20
——o0.08V
—o.18V
/\\ ——023V
o 0154 \ ——0.28V
o 033V
S \/ 038V
o 043V
S 0.104A 0.48V
@ 053V
o 0.58
< 063V
0.054 073V
N ——0.78 V
i
0.00 ———2
400 600 800 1000 1200 1400 1600
Wavelength / nm
04 POlY4
’ —-0.18Vv
L +—o022v
//”;’w* 027V
—o037v
0,31 042V
ﬁ 047V
049V
052V
0.2 057V
\/ 06V
063V
Wr:/ 0,66V
0,1 \ o069V
\ —or2v
\\
0,0 —
400 600 800 1000 1200 1400 1600
Wavelength / nm
poly5
l—-08V
0,15 +—-06V
—-055V
t—-05V
045V
04V
0,10«/ : -0.35V
! /i 02V
A\ 4 01V
01V
1 02V
0.05 03V
x\_\w
0.00 | m‘w\n\,
" 400 600 800 1000 1200 1400 1600

Wavelength / nm

0.0204| —03v-o035v
g ——05V 055V
—— 0.6V 065V
S 0015| —o75voo8v M\\%
I
9]
£ 0010 ‘\«\\
o° NAAM
S 0.005 L7
a »\/\-NWW\/‘
P Mt
S 0.0007
g |
<C -0.0057
-0.010
400 600 800 1000 1200 1400 1600
Wavelength / nm
—— 0.3V 04V
o 003 ——0.55V 06V
e —— 063V 065V
— 075V 508V
o
5 0.02 “’WM
RS
©
S 0.01 :\’—,\:/\?%M’\M\,Ww
s e NN
5 0.00
17}
<
-0.01
‘400 600 800 1000 1200 1400 1600
Wavelength / nm
——0.28V 033V
0.037| —o043v- o048V
o —— 058V 063V
2] ——0.73V 078V
S 0.02] ~
2
S 0.014
c \/ |A
2 P e S Wy
2 0.00
5] N
2ol
< -0.01]
400 660 800 1000 1200 1400 1600
Wavelength / nm
[ [
0.044 | [—oa7v 042V )
3 ——049V 052V /ﬁ
c 0.03]| |——o06V-063V
o —069V 072V
£ 002] N
ko] M A
S 001] /M\Mwh
g Pl
£ 000 T
S UM
3
2 -001]
-0.02 t
400 600 800 1000 1200 1400 1600
Wavelength / nm
—— 05V 5045V L
@ 0.024| —-02V->-01V
S —0.4V-02V |
S ——02V5-03V /ﬂﬂ
5 ol
& 0.01]
2 WV\W'J‘
kel
g 0.00 B\Q
@
o
<.0.01]

T
400 600 800 1000 1200 1400

Wavelength / nm

1600



Figure 8 Selected UV-Vis-NIR spectra (left) and their differential spectra (right) of polymer films
electrodeposited at ITO electrode in 0.1M BusNPF¢/ACN solution, recorded in situ at progressively

incremented potentials applied to the film.

poly1 . poly4d

S 40 2
© 354 ) 3 = 3504 o | doping ? re
~ o| doping > 4
2 30 u| defoping 2 T PN 2 = | dedoping e
s o Vbl " 2. 300 cyclic voltammetry .
@ 55 ] — cyclic voltammetr @ - i ba
‘S 20 O 250 - <
F c L]
< 204 @
2 ° X £ 200 bo 3
® 15 = © » @ =
£ 7] P Fio ¢ € 150 I
50 . -fis0 A N U 1 () -
‘g’ = 4 5 3 S 1004 " ° ©
Lo 3 .
S 5 |n o 1 ~,
Q 2 2 504 o -2
-E o4 8 " o ~| = a n n " s00 S~
© e R I R F-10 I o
2 5 = 4
-0.2 0.0 0.2 0.4 0.6 0.8 0,2 0,0 02 04 06 08
potential vs. ferrocene / V/ potential vs. ferrocene / V
oly5
. poly2 = w0 POWYD .
g 40 © o doping — cyclicivoltammetr L 40
= 500 o | doping % 120 = dedoping | | o 8]
e = | deq opirlg 4 . [0 £
F 4004 cydlic voltammetry 3 & 1004 .0 r20
i . 5
5] °
F20 < c 804 L —t— L. <
5 300 L] = S L [ 0 \l
® ] = © 4 =
o - c 5 604 1<
= [ g S 202
5 » = Q | Ry =
8 200 . 3 9 404 3
8 — ] ’ Mo & » [
o 4
g 100 .8 " 2 ¢ [ .OZ)
= [T L. 8 o [ -60
Ko 10 >
S 2
02 0.0 0.2 0.4 0.6 0.8 1.0 0.8 06 04 02 0.0 0,2 04
potential vs. ferrocene / V potential vs. ferrocene / V
... poly3
3 180 14
Z 160 o | dopng . [y
2] = | dedpping [
S 1404 N + N 10
a cyclic voltammetry| = 5
2 120 . ° 8
S] - Lo
c 1004 N <
£ . e 3
© 804 n -~
= " 2c
S 0T 1 | = |o [o &
o B SR — @ 3
. o
§ “0 5 2
O F
S ] ~ N :
> L —
£ o o o " ® N — -6
2 20 F-s
-0.2 0.0 0.2 0.4 0.6 0.8

potential vs. ferrocene / V

Figure 9 Relative spin concentration and cyclic voltammetry of polymer films in the anodic range.
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Figure 10 Linewidth of EPR signal and g-factor of poly45 in the anodic range.

n-Doping

The ESR and UV-Vis-NIR spectra (Figure 11) of studied polymers were also recorded during
cathodic doping and dedoping in the potential range related to the first reversible reduction peak at
CV. The character of reduction processes is different than oxidation. Already at the beginning of
reduction of all studied polymers the signal at EPR appears. Simultaneously UV-Vis-NIR spectra
begins to change. New absorption bands appear in the lower energy range. The energy of these new
bands appeared during n-doping is different than corresponding absorption bands formed during p-
doping. During reduction at applied potential the electrochemical equilibrium at which UV-Vis-NIR
and EPR spectra do not present further changes is achieved after longer time. This reach several
minutes and depends on the polymer type and thickness of polymer films. In contrary to p-doping UV-
Vis-NIR spectra of n-doped species increase homogenously in the whole potential range related to the
first reduction peak. No additional transitions are observed at higher doping levels. Simultaneously the
appearance of radical anion is confirmed by the formation of Lorentz type of EPR signal. The change
of both EPR and UV-Vis-NIR spectra are related to each other. This indicate that only one type of
reduced spin-bearing species appears in the n-doped systems.

The g-factor of radical anions is similar for all studied polymers which are 2.0040 — poly1l and
poly2, 2.0041 — poly3, 2.0042 poly54 and poly45. The strong shift of g-factor value comparing to free
radical confirm high spin distribution at heteroatoms. Sulfur and oxygen atoms substituted to the main
polymer chain in poly45 and poly54 slightly shift g-factor. This indicate delocalization of radical
anions mainly at BT unit but also at main polymer chain with sulfur atom of thiophene moiety.

The analysis of spectra after n-dedoping reveals charge trapping demonstrated with remaining cation
radical transition bands and EPR signal. This issue increases with increased thickness of polymer
films.

Comparing of these results with other report [53] presenting irreversible CV of a few BT units
linked together in one compounds indicate that not only the LUMO level but also proper balance

between donor and acceptor units as well as arrangement and rigidity of polymer structure are



important factors which improve the n-doping ability and electrochemical stability of n-conjugated

polymers.
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Figure 11 UV-Vis-NIR spectra of polymer films electrodeposited at ITO electrode in 0.1M
BusNPF¢/ACN solution, recorded at three doped states: neutral state before n-doping, n-doped state,

after n-doping in the potential with partial charge trapping.

The comparison of relative spin concentration of poly45 in p- and n doping range was also
made (Figure 12). This polymer film has been chosen own to the best electrochemical stability during
n-doping. Poly45 film was oxidized and then reduced in the same EPR setup and conditions. The ratio
between radical anion in the first reduced state and the maximum amount of radical cation exceed 6.2.
Assuming that all BT unit undergo reduction the number of spins per unit in p-doping can be also

estimated. This indicate the maximum spin concentration as 0.16 spins per monomer unit or 0.053 per



heterocyclic unit. This is lower value compared to 0.12 spin per unit obtained from quantitative
measurement of PEDOT.[52]

Spectroelectrochemical and CV analysis show fundamental differences between p- and n-
doping. The reduction results with formation of one type charger carrier negative polaron (in the range
related to the first reversible redox pair). The oxidation lead to simultaneous formation of different
charge carriers positive spin-bearing polaron and spinless species. This different is revealed at CV as
broad oxidation band without separated peaks and sharp reduction peak well separated from next

reduction step.

First derivative E SR spedra [a.u.]

334 335 336
Mlagnetic field - Bo [mT]

Figure 12 Selected EPR spectra of poly45 electrodeposited at ITO electrode in 0.1M BusNPFs/ACN
solution, recorded in situ at different incremented potentials applied to the film. Spectra are shown in

restricted range for the clarity.

4. Conclusions

The influence of different thiophene derivatives as donor units with BT as acceptor units were
studied for small molecules and polymers. In both cases significant differences were found. Inductive,
resonance effect and interatomic interaction leading to flattening of molecules tune the
electrochemical and spectroelectrochemical properties. Mainly in the case of EDOT derivative

interaction between oxygen and sulfur atoms leads to low band gap polymer with Egl =1.0eV and

E; P =1.26 ¢V. Similar effect of reduction of E, were weaker for other polymers. The proper balance

of different properties of D-A type of n-conjugated organic materials such as HOMO and LUMO
level, proper balance between donor and acceptor units, arrangement and rigidity of polymer structure
is important factor which improve both p and n-doping.

The comparison of p- and n-doping were made in order to highlight differences between both
type of doping. The electrochemical equilibrium of n-doping is achieved after longer time than p-
doping reaching several minutes. The clear difference of g-value of negative and positive radicals
indicate different contributions of herteroatoms to radical orbital in both states. During reduction in the

measured conditions only one type of spin bearing charge carriers was formed in contrary to oxidation



during which different type of spin bearing and spinless charge carriers were found. All these results

indicate different mechanism of n- and p- type of electrical conductivity.
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