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Abstract In the present work a series of (-substituted
thiophenes have been synthesized and their electrochemical
behavior studied. The products obtained by electro-
oxidation are highly dependent on the substituent, affording
sometimes conducting polymers, insulating layers or
soluble species. This behavior has been ascribed to specific
electronic and/or steric factors. Theoretical calculations at
the density functional theory level confirm the experimental
findings and assess the use of reactivity descriptors for
modeling complex chemical systems with specific poly-
merization patterns. In particular, the analysis of the
polymerization sites of terthiophene derivatives using the
dual descriptor for chemical reactivity and selectivity
allows one to predict the specific sites able for reaction
and explains correctly the observed polymerization pattern.
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Introduction

In the past few years research about heterocyclic conductive
polymers, chemically or electrochemically synthesized, has been
particularly intensified [1, 2]. Among heterocyclic polymers,
polythiophenes have been largely studied owing to their
potential utility as organic materials for the assembling of
diverse electric or electronic devices [2—7], since besides their
electrical and optical properties, they possess excellent envi-
ronmental stability [1, 811]. Hence, their current applications
are varied: organic cells, electrochromic displays, chemical
sensors, light emitting diodes (LED), etc. Studies of molecules,
aimed at obtaining materials with specific properties, have
aroused great interest starting from preparations and modifica-
tions that enable addition of different functional groups, easily
tuning electrical, optical, and magnetic properties. Our interest
is focused upon synthesis and electronic structure analysis of
thiophene derivatives, namely 3'4'-disubstituted 2,2":5',2"-
terthiophene (Fig. 1), their electrochemical features and its
polymerization, as well as their spectral characteristics,
oxidation potentials, and likely prospective applications in
photocell assembling. In this context, computational quantum
chemistry methods are well suited to model such systems.
Moreover, specific features exhibited by the electronic density
may direct the design of new materials, these features can be
shaped through the use of reactivity descriptors such as
chemical potential [12], hardness [13], Fukui functions [14],
dual descriptor for chemical reactivity and selectivity [15, 16].

Experimental and theoretical methods
Experimental methods

FT-IR spectra were recorded on a Perkin—Elmer, model
1710-FT, spectrometer, by solid dispersion with KBr
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Fig. 1 Molecular structure and numbering of atoms of the 2,2";5',2"-
terthiophene molecule. o and [ are the torsional angles formed by
planes of the rings of thiophene. The trans conformers correspond to
torsional angles of 180°

pellets. '"H and '>C NMR spectra were run on a Bruker
200P Spectrometer, in CDCl; with TMS as the internal
standard. Microanalyses were made on a Fison EA 1108
microanalyzer. Scanning electron microscopy (SEM)
micrographs were recorded on a high-resolution SEM (Jeol
6400 F).

Monomers were synthesized following methods de-
scribed in the literature [17-19] using a transition metal-
catalyzed cross-coupling of a Grignard reagent with organic
halides. Electrochemical synthesis and characterization
were performed in a three-compartment, three electrode
cell utilizing a Voltalab PGZ100 (Radiometer) potentiostat
and anhydrous dichloromethane as solvent.

Monomer electropolymerization was accomplished by
either potentiodynamic sweeps (CV) or potentiostatic steps.
The working electrode was a Pt polycrystalline disc
(0.07 cm® geometric area). All potentials quoted in this
paper are referred to a Ag/AgCl electrode in tetramethy-
lammonium chloride that matches the potential of a SCE at
room temperature [20].

Theoretical methods

Chemical potential (u), the negative of the electronegativity
(u = —x), and chemical hardness (7) are among the most
important global properties aimed at describing chemical
reactivity. Within the framework of density functional
theory (DFT), the chemical potential and hardness for an
N-electron system with total energy E and external potential
v( (r) are defined as follows: [12, 13]:

), T TN

Physically, the chemical potential characterizes the
escaping tendency of electrons from equilibrium and the
molecular hardness can be seen as a resistance to charge
transfer [21]. The inverse of the hardness is the softness: S=
1/n and can be used to complement the observations made
through chemical potential and hardness. In the present
case, the above defined properties will be used to
characterize specific isomers from a reactivity viewpoint.
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In numerical applications, 4 and n are calculated by the
following approximate equations based upon the finite
difference approximation and Koopman’s Theorem [22, 23]:

N (e~ en) @)

1
u~=(er+en); 5

2
where €, and ¢, are the energies of the highest occupied and
the lowest unoccupied molecular orbitals, HOMO and
LUMO, respectively. Ionization potential (/) and electron
affinity (A4) are related to the orbital energies through the
Koopman’s Theorem: [ = —¢g; A = —¢;.

In order to identify the reactive sites toward electrophilic
and nucleophilic attacks, a variety of indexes, relatively suited
to specific situations, exist [21, 24]. In this particular case we
propose the use of local reactivity descriptors like the Fukui
function f{r) that are necessary for explaining site selectivity
in a molecule. The Fukui function is defined as [14]:

0) = ( - ))N _ (ag](vr)>u(r). 3)

Owing to the discontinuity of the derivative of Eq. 3,
two different Fukui functions can be defined by applying
the finite difference approximation [21]:

£ = (%), 2o £ = (%), ~eul).
@

At point 7, f'(r) measures the reactivity toward a
nucleophilic attack that results in an electron increase in
the system [21, 25, 26] whereas f () measures the
reactivity toward electrophilic attacks which results in an
electron decrease in the system [21, 25, 26]. Toro-Labbé
and co-workers [15] have recently proposed a dual
descriptor, Af(r), for a simultaneous identification of
nucleophilic and electrophilic sites within a molecular
system. The dual descriptor for chemical reactivity and
selectivity is defined as the derivative of molecular
hardness with respect to the external potential and can be
expressed as the difference between the already defined
nucleophilic and electrophilic Fukui functions:

a10) - (), - (%)

oy E 1O =11 [pu(r) = py )]
(5)

If Afir)>0, then the site r is favored for a nucleophilic
attack, whereas if Af{r)<0, then the site may be favored for
an electrophilic attack. Therefore, positive values of Af(r)
identify electrophilic regions within the molecular topology,
whereas negative values of Af{(r) define nucleophilic
regions. Through these descriptors it will be possible to
identify the reactive sites of the monomers and characterize
the preferred polymerization sites.
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Computational details Theoretical calculations using the
Gaussian03 [27] program were performed to help rationalize
the experimental data. With this purpose the electronic
structure of 2,2":5',2"-terthiophene and 3’,4’-disubstituted
derivatives have been characterized using DFT [28, 29] with
the B3LYP hybrid functional, a combination of Becke non
local exchange functional and Lee-Yang-Parr (LYP) correla-
tion functional [30]. Energies listed in Table 2 are referred to
the more stable isomer (cis and trans) of each couple of
molecules.

Results and discussion
Experimental results

Electropolymerization processes Thiophene potentiostatic
electropolymerization is hindered by the need of applying
large oxidation potentials. According to data quoted in the
literature, thiophene oxidation potential is 1.80 V, higher
than other heterocyclic monomers such as pyrrole, whose
oxidation occurs at 0.8 V. This is consistent with the fact
the oxidation potential increases with electronegativity of
the heteroatom. On the other hand, this potential decreases
as conjugation increases, e.g., terthiophene, molecule
chosen for analysis and discussion in the present survey
that would correspond to a trimer of thiophene. Here the
effect of 3’ and 4’ substituents on nucleation and growth,
oxidation potential, deposit morphology, conductivity, and
utility in electrochemical devices are considered.

For the sake of comparison, the same concentration of each
monomer was used and, owing to the low solubility of the
synthesized monomers (1 x 10"2M), identical concentration of
supporting electrolyte (1x10 M) was selected, (monomer:
supporting electrolyte=1:1) so that it may compete with
monomer’s solubility, i.e., decreasing its solubility even further.

Electrodynamic polymerization was accomplished using
50 mV s ' scan rate. This sweep rate is too high and
capacitive current becomes an important fraction of the

Table 1 Features of polymeric deposits

total current causing distortion of the voltammogram. On
the other hand, this scan rate, shows no other unwanted
drawbacks were found. Table 1 shows the obtained results.

Several characteristics related to the capacity of hetero-
cyclic monomers, depicted in Fig. 2, to conduct electricity
have been reviewed in the present work. In such a context,
it is desirable that, besides low ionization potential and high
electronic affinity that facilitate doping, polymers possess a
nearly planar structure and a small band-gap value. 'H
NMR spectra showed that 3,3" protons in system 5 shift
toward low fields, 7.59 ppm, as a result of the proximity of
electron acceptor (nitro) groups, particulary in the cis
configuration 5a, unshielding and bringing it to lower
fields, compared to the equivalent proton of other synthe-
sized monomers, e.g., 3'4"-diphenyl 2,2":5"2" terthiophene
(4) which is not so strongly affected and is observed at
higher fields, Th-H3, Th-H3", §=7.03 ppm.

The obtained results are consistent with those previously
reported for thiophene electropolymerization in various
working conditions [2—5], and they are unable to show,
under specific experimental conditions (solvent, monomer
and/or electrolyte concentration, etc.), that a particular
contribution, as a function of electrolysis time and working
potential, prevails. In this manner a certain degree of
control may be exercised over the morphology of the
deposit to be obtained. Waltman et al. found a linear
correlation between thiophene and Hammet substituted
thiophene oxidation potential [31, 32], this shows that
electronic effects drastically influence the reactivity on the
thiophene ring [31, 32]. Consequently, monomers substituted
by electron acceptor groups, e.g., 3'4’-dinitroterthiophene (5),
display oxidation potential higher than terthiophene and are
difficult to electro-synthesize. On the other hand, polymer-
ization of substituted terthiophene monomers, such as 3’4’
dibromothiophene (2), needs also high oxidation potentials
with respect to terthiophene and, usually, are difficult to
polymerize, e.g., 3-chloro, 3-bromo, 3,4-dibromo, and 3-
iodothiophenes [2], and yield low conducting polymers with
high oxidation potential. However, it should be noticed that the

Monomer Monomer Characteristics of the respective electro-deposit

Molecular geometry  E NGM [37-44] Morphology Device
b 2,2":5',2"-terthiophene trans 1200 NI2D + NI'D.; + NI3Dg;  Cauliflower diode
2a  3'.4'-dibromo-2,2":5',2"-terthiophene cis 1600  NI2D + NID,; + NI3Dg;r  Small spheres diode
3b  3'-bromo-4'-thienyl-2,2":5',2"-terthiophene  trans 1400  NI2D + NID,; + NI3Dg;r  Small spheres photocell
4b  3'.4'-diphenyl-2,2":5'2"-terthiophene trans 1500  NI2D + NI3Dg;¢ Irregular photocell
- 3'4'-dibutyl-2,2":5',2"-terthiophene trans 1100  NI2D + NI'D + NI3Dy;r  Irregular coating  photocell
Sa  3'4'-dinitro-2,2":5',2"-terthiophene cis 1800  NI2D + NI'D. + NI3Dg;r  Regular spheres -

Irregular coating
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electrochemical response is mainly affected by the combination
of two factors, electronic and steric, giving rise to failure or
hindrance of the electro-polymerization. Moreover, consistency
between high experimental oxidation potentials, E, (Table 1)
and computed electronegativity x (Table 2) can be observed
for 3'4’-dinitroterthiophene (5) and 3',4" dibromothiophene (2)
systems.

Although steric factors do not appreciably affect the
oxidation potential of the monomer, they exercise considerable
influence over the structure and characteristics of the substi-
tuted polymer and, in some extreme situations, over the
electropolymerization reaction. Distortion of the conjugated
backbone caused by steric interactions among substituents
provokes a decrease of p orbitals overlap of thiophene rings
and, consequently, a loss of conjugation that decreases its
conductivity. These findings agree with the theoretical
outcomes to be detailed below.

@ Springer

3°,4’-Dinitro-2,2":5°,2”-terthiophene 5b

The different monomers cause modification in the kinetics
and growth pattern of the polymerization process. Besides the
analysis of nucleation and growth mechanism, characteriza-
tion of this phenomenon was accomplished by recording SEM
micrographs of the obtained deposits. From the potentiostatic
transients, the global nucleation and growth mechanism
(NGM) [33] can be established, that as demonstrated, in the
case of polymeric electro-deposits is constituted by different
contributions that participate simultaneous or successively, as
a function of electrolysis time. In this case, deconvolution of
the obtained transients indicates that the NGM can be
represented by the following equation:
J = atexp(—bt?)] + c[1 — exp(—dt)] + et — 0, 5[1 — —exp(—ft?)]

(6)
where the first term corresponds to instantaneous nucleation
with bidimensional growth, NI2D, the second to instanta-
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Table 2 Global electronic

properties of 3',4"-disubstituted Energy X n S I=—en Dipole moment (Db) « B
2,2":5'2"-terthiophene
derivatives, calculated at la 1.21 3.64 1.90 0.53 5.53 1.37 34.1 34.1
B3LYP/6-311G** level. 1b 0.0 3.66 1.84 0.54 5.50 0.45 24.8 248
Energy is in keal mol °, 20 0.0 391 198 051 589 152 $B1 M1
electronegativity (x), hardness
(1), softness (), ionization 2b 0.09 3.91 1.94 0.52 5.85 2.60 36.9 36.9
potential (/) are in eV, dipole 3a 0.51 3.79 1.92 0.52 5.71 1.09 422 35.8
moment is given in Debye. o 3b  0.00 3.78 189 053 5.67 1.43 344 318
and 3 are the caleulated torsion . = 3 355 189 053 544 1.88 356 356
angles (in degrees)
4b 0.00 3.53 1.88 0.53 5.41 0.97 30.4 30.4
5a 0.00 4.58 1.86 0.54 6.44 5.70 413 413
5b 0.84 457 1.84 0.54 6.41 6.94 36.5 36.5

neous nucleation with diffusion controlled tridimensional
growth, NI3Dy;s, and the last term to instantaneous
nucleation with charge transfer controlled growth, NI3Dy,.
Deconvolved transient demonstrate that, on the one hand, the
addition of the three contributions exactly fits the experi-
mental transient, and on the other hand that at very short

(2), electron donor, was then deposited onto the ZnO film
using electrochemical techniques, followed by 3,4-9,10-
perylene tetracarboxylic dianhydride (PTCDA), LiF and Al
deposition using special instrumentation and under high
vacuum. The thickness was controlled by coupling a quartz
crystal microbalance. Thus, the device configuration is as

times NI2D, which stops after ca. 20 s, predominates.

Figure 3 shows micrographs of electro-deposits of
polymers 2 and 3 obtained by the potentiodynamic method.
As usually occurs, in the context of deposits obtained by
cyclic voltammetry, more uniform surfaces are attained
because during the potential sweep ordering of the deposit
is favored. This is consistent with that predicted by the
NGM prediction (Table 1) since just instantaneous nucle-
ation was found, i.e., at the onset, a given number of nuclei
is formed that grows as a function of electrolysis time,
precluding further nuclei formation at higher times, which
in another situation would lead to heterogeneous sizes.
Consequently, an excellent agreement was found between
the morphology predicted by NGM and that obtained by
SEM, demonstrating that this sort of correlation is
amenable to be performed and, at the same time, validating
the proposed electropolymerization model [34].

Signal A = SE1 Mag= 1000 KX Liser hama = MMoreno

EHT=2000KY  wWD= &mm  Date 6Dec 2004

Organic cells As for the incorporation of organic layers in
solar cells fabrication, two techniques are employed,
namely, blend (a layer tens of nanometers thick is deposited
by spin-coating technique from a solution containing p and
n type polymers) and bilayer (thin layers of organic
semiconductors of both types of doping are deposited)
[35]. Thus, the efficiency of the devices is related, among
other factors, to the thickness of the constituent layers. All
deposits that comprise the solar cell, except p-type
polymers, can be controlled using the thermal evaporation
technique while the thickness of polymer deposits is
controlled by electrolysis time (potentiostatic method) or
number of cycles (CV method) [36]. Solar cell preparation

Stgnal A = SE1 Mag= 1000K X UssrName = MMorenc  £HI
EHT= 2200y  WD= &mm  DatefiDec 2004 | S | |

Fig. 3 Micrographs of deposits obtained by CV on Pt disc at

was achieved as follows: a glass support was coated with a
layer of ZnO. Poly(3',4'-dibromo-2,2":5',2"-terthiophene)

50 mV s |, (a) 3',4'-dibromo-2,2";5',2"-terthiophene in CH,Cl,, (b)
poly(3',4"-biphenyl-2,2";5',2"-terthiophene) in CH,Cl,
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follows: glass/ZnO (180 nm)/poly(3’,4'-dibromo-2,2";5',2"-

terthiophene)/PTCDA (200 nm)/LiF (<15 nm)/Al (100 nm).

Thickness of the polymeric deposit was varied as a
function of voltammetric cycles, as this technique afforded
more homogeneous deposits, Fig. 3. It was found that thin
polymer layers absorb in the visible and are electron
acceptors. However, no photovoltaic effect was observed
in solar cells using a polymer obtained by a small number
of voltammetric cycles; instead, in 3’,4'-dibromo-2,2":5',2"-
terthiophene the effect appeared after 20 cycles. As a result,
a device with film thickness much larger than usually
advised bearing photovoltaic characteristics and 0.06%
efficiency was obtained, as shown in Fig. 4. The large
thickness of the device probably accounts for the low
efficiency obtained, even though, the deposit obtained by
20 cycles is still quite uniform and homogeneous. For the
rest of deposits, responses were attained from the 10th
cycle onward.

As for other deposits, such as poly(3',4"-diphenyl-2,2":5",
2"-terthiophene) and poly(3’-bromo, 4'-tienyl-2,2":5',2"-
terthiophene) the devices displayed characteristics of organic
light emitting diodes, OLEDs. The layer using 10 cycles for
poly(3',4'-diphenyl-2,2":5' 2"-terthiophene) seems to be too
thick and the diode only conduces after the application of 5 V
and light shows up at ca. 8 V, Fig. 5 (light was measured
using a photodiode).

The prepared devices were evaluated, using a simulator, to
determine their efficiency in the fabrication of photovoltaic
devices. As mentioned above, efficiency depends, among
other factors, on the thickness of the constituent layers. In the
absence of water in the working medium, these polymers can
be deposited either by potentiostatic or potentiodynamic
methods. In addition, morphology and film thickness can be
controlled by the time of electrolysis or by the number of
cycles which, as in other examples, confirms the feasibility of
using electrochemical methods to deposit some layer(s) for the
fabrication of optoelectronic devices [36].

— darkness
— light

0,0 0,1 0,2 0,3 0,4
Voltage

Fig. 4 Response of the device CG/ZnO/PTCDA/poly(3’,4'-dibromo-
2,2":5' 2"-trithiophene)/LiF/Al. Characteristic J=F(V)
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Fig. 5 Response of the CG/ZnO/PTCDA/poly(3',4'-diphenyl-
2,2":5'2"-terthiophene)/LiF/Al device

The maximum cell power was accomplished when light
incidence angle is 90° with respect to its surface conse-
quently, if the incidence angle is not 90°, the useful surface
will decrease by an amount proportional to the cosine of the
corresponding angle. Hence, the right panel orientation
with respect to sun position during the different seasons of
the year is quite important, according to the latitude of the
installation. The low efficiency of the devices tested herein
can be explained considering that ca. 57% of the luminous
energy is reflected or becomes heat energy and that from
the remaining 43%, most of it is given out as heat. The
major difficulty is the risk of electrical rupture of the
material caused by film defects. Besides, during operation
the material must withstand the necessary voltage for its
functioning. Table 1 lists the respective electrochemical
parameters, oxidation potential (E,x), NGM’s and morphol-
ogy for the synthesis of several compounds.

Theoretical results

Molecular structure and electronic density have been worked
out for systems in Fig. 2 employing DFT (B3LYP/6-311G**)
calculations. Computations showed, in general, geometries
in which thiophene rings are non-coplanar with dihedral
angles ranging from 24.8° to 43.1°, see Table 2. Among
the isomers hard molecules present larger torsional angle
and higher ionization potential. This structural feature
accounts for the conductivity decrease at experimental
level, consistent with a lower overlap between p, orbitals
of carbon atoms in adjacent rings, thereby a conjugation
loss.

Figure 6 illustrates the HOMO densities of 2,2":5',2"-
terthiophene (1) and 3',4'-dinitro-2,2":5',2"-terthiophene (5)
molecules showing that the most reactive sites for an
electrophilic attack correspond to carbons adjacent to the
sulfur atoms in the thiophene rings (within the red circle).
Therefore, it is expected that polymerization occurs on
these sites since, they present a considerable electronic
density. However, the terminal sites should be favored
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Fig. 6 Electronic density of the highest occupied and lowest
unoccupied molecular orbitals, HOMO (left) and LUMO (right),
respectively (a) 2,2":5',2"-terthiophene cis; (b) 3',4'-dinitro-2,2":5',2"-
terthiophene cis

because they present the lower steric hindrance, they should
be the leading sites for polymerization.

All studied systems show HOMO and LUMO density over
the rings. However, in 3',4'-dinitro-2,2":5',2"-terthiophene cis,
Fig. 6(b), the LUMO density is mainly localized over the
nitro groups. Therefore the LUMO orbital may localize
charge on the nitro groups region eventually preventing the
electronic flow toward the aromatic rings, giving rise to
disruption of the electronic conductivity. This accounts for
the low conductivity found experimentally for this system.
Notice that cis 3',4'-dinitro-2,2":5',2"-tertiophene presents a
high oxidation potential value (Table 1). This result has been
theoretically supported by an ionization potential of 6.44 eV,
which is slightly higher than that of the frams isomer,
6.41 eV, Table 2. These results agree well with the "H-NMR
spectrum of 3’4’-dinitro-2,2":5',2"-terthiophene discussed
above.

Computational characterization of the dual descriptor
Af(r), has been performed for all molecules and the results
are illustrated in Fig. 7 for representative systems 1 and 5.
In this figure the dual descriptor Af{r), notice that sites with
Af(r)>0 are electrophilic (purple), while sites with Af{r)<0
are nucleophilic (green). As a rule, all systems presented
Af(r)<0 in carbons 4, 5 and 4", 5" (oxidation sites)
revealing that these are nucleophilic and prospective
oxidation sites. In addition, they are favored over the
remaining nucleophilic sites because they lack the steric
hindrance observed in sites close to the central ring
substituents.

On the other hand, it has been experimentally found that
the 3',4'-dinitro-2,2":5',2"-terthiophene molecule exhibits
poor conductivity and renders poor deposits, behavior that
can be explained by means of the dual descriptor illustrated
in Fig. 7. It was observed that, although the nucleophilic
zone (green) still is on carbons 4, 5 and 4", 5" (oxidation
sites), the major electrophilic concentration region (purple)
is found on nitro groups (reduction sites), which makes this
molecule exhibit an electrochemical behavior similar to

nitrobenzene, where the reduction process prevails over the
oxidation until the amine formation occurs. It is noteworthy
that this system displayed the largest electronegative value,
Table 2, which determines its electron acceptor capacity
and susceptibility toward electrochemical reduction instead
of the oxidative process necessary, essential for the
polymerization to occur.

Conclusions

The results of the present investigation have demonstrated
agreement between experimental and theoretical data
obtained in the study of varied characteristics of some
thiophene derivatives related to their capacity to conduct
current.

Poly (3',4'-biphenyl-2,2":5",2"-terthiophene) exhibited
diode properties, but low capacity. Efficiency of the devices
depends, among other factors, on the thickness of their
constituent layers, glass/ZnO (180 nm)/PTCDA (200 nm)/
polymer/LiF(<15 nm)/AI(100 nm). The thickness of all the
above deposits but that of the polymer can be controlled by
using the thermal evaporation technique. As for the
polymer, its thickness can be regulated by the number of
voltammetric cycles.

Chemical polymerization is not appropriate for this type
of monomer, particularly when the polymer is intended for
the fabrication of photovoltaic devices. By contrast, electro-
polymerization enables the obtention of deposits that can be
tried as the electron donor active layer in electronic devices.

A good correlation was found between experimental j/t
transients and those obtained by deconvolution. This is an
indication that the mathematical models employed for
metallic deposits are a good approximation for the study
of this kind of electro-deposits. Good correlation between
the morphology predicted by NGM’s and to control by
SEM was also encountered, which validates the methodol-
ogy used to control the type of deposit to be obtained and
the electropolymerization model previously proposed.

Substituents severely modify the electronic density and,
hence, the reactivity of the thiophene ring. The steric effect
helps to steer the polymerization toward lateral positions of
the thiophene rings. In this context, the dual descriptor for
chemical reactivity and selectivity has been found to be a

SRV 4
J N %0
d @ "

9 F
Fig. 7 Dual descriptor, Af(r), for 3',4'-dinitro-2,2":5',2"-terthiophene

cis (left) and trans (right). Electrophilic regions (Af(r)>0) are in
purple and nucleophilic regions (Af(r)<0) are in green
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nice indicator for predicting the specific sites able for
reaction. Moreover, it explains correctly the observed
polymerization pattern.
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