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ABSTRACT

Electrooxidation of magnesium(Il) porphine, a totally unsubstituted porphyrin, in acetonitrile solution
under potentiostatic or potentiodynamic regime leads to a polymer film at the electrode surface. Polymer
deposition takes place at extremely low potential, several hundred mV less positive even compared to
the deposition potential for pyrrole or EDOT (at identical monomer concentrations) in the same solvent.
Film thickness can be controlled by the passed deposition charge. This material and its THF-soluble
fraction have been characterized by various electrochemical methods as well as by UV-visible and IR
spectroscopies, XPS, XRD and MALDI-TOF techniques. This analysis has allowed us to cc(r}clude that the
polymer film is composed by chains of Mg porphine building blocks, with single bonds between the
neighboring units. In the course of the potential sweep, this polymer film demonstrates a redox response
resembling that of polythiophene-coated electrodes. Namely, the film is electroactive and electronically
conducting in two potential ranges (p- and&—doping), which are separated by a broad interval where the
film possesses a much higher resistance. The polymer may be switched between all these redox states
repeatedly by the change of the potential. The film capacitance in the electroactive potential intervals is

proportional to the deposition charge.

© 2010 Published by Elsevier Ltd.

1. Introduction

Porphyrin and porphyrin-based species represent the object of
intensive studies during several last decades, with thousands pub-
lications appeared each year [1]. Owing to their chemical stability
and specific physical and chemical properties these materials have
been proposed for various applications in catalysis and electro-
catalysis, non-linear optics, luminescent devices, microelectronic

lements, etc. Besides, porphyrins play an important role in numer-
ous biomolecules.

Terminologically, the porphyrin family is based on the princi-
pal building block, porphine ring composed from 4 pyrrole groups
linked in their 2,5 positions by methylene bridges. All 4 nitro-
gen atoms of pyrroles are oriented inside the ring and they may
associate either two hydrogen atoms giving free-base porphine
(Fig. 1a), or a metal cation for metalloporphines, e.g. Mg2* for
magnesium porphine (Fig. 1b). Principally because of the easier

* Corresponding authors. Tel.: +33 3 80 39 91 25; fax: +33 3 80 39 60 65.
E-mail addresses: mv@u-bourgogne.fr (M.A. Vorotyntsev),
charles.devillers@u-bourgogne.fr (C.H. Devillers).
1 Tel.: +33 3 80 39 91 25; fax: +33 3 80 39 60 65.

0013-4686/$ - see front matter © 2010 Published by Elsevier Ltd.
doi:10.1016/j.electacta.2010.06.001

synthetic availability, the dominant majority of studies deal with
porphyrins, i.e. porphines with partial or full substitution at these
carbon positions, by aromatic, aliphatic or more sophisticated func-
tionalized groups.

Inview of the aforementioned promising properties, porphyrins
have been incorporated into numerous polymeric or oligomeric
materials, to provide them with new functionalities. Towards this
goal, three main approaches have been developed.

The first approach pertains to Rorphyrins, which are not
included into the conjugation network of the polymer. These
macrocycles can be linked via (conjugated or saturated) cova-
lent bonds to a polymerizable fragment, as pyrrole, aniline or
thiophene [2,3]. Another possibility to incorporate porphyrins
into a solid matrix is to trap, during the polymerization pro-
cess (owing to electrostatic interactions), porphyrin-bearing ionic
groups such as COOx, SO3~, NR3" or pyridinium [2,4]. Metal-
loporphyrins can also be linked together by axial coordination
of bridging ligands such as bipyridine and DABCO on the metal
cations, thus providing so-called “shish-kebab” coordination poly-
mers [5].

The second approach concerns copolymers or co-oligomers with
alternating porphyrin and aryl, thiophene, aniline or ethynyl units
inside the principal conjugated chain [6]. They have been obtained
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Fig. 1. Structures of (a) free-base porphine, (b) magnesium (II) porphine, MgP.

by electrochemical oxidation of the corresponding monomer [7-9]
or by chemical synthesis [10,11].

The third approach consists in synthesizing solute oligopor-
phyrins as linear or branched chains in which the neighboring
porphyrin units are directly linked in meso orfand $ positions while
other meso positions of the monomer were made non-reactive
owing to protecting groups (aryl, Klkyl, etc.) surrounding the ring
[12-18].

To our best knowledge, no polymers (neither homopolymers nor
copolymers) with porphine building blocks, i.e. completely unpro-
tected porphyrins have been synthesized and no polymer systems
with incorporated porphine moieties are known.

Assuming that a totally unsubstituted porphyrin should
undergo very efficient oxidative C-C coupling between porphine
units, we have very recently described the redox reactivity of mag-
nesium porphine (MgP) [19]. It has been shown that it was possible
to generate directly linked porphine oligomers in dichloromethane
solution by applying a potential corresponding to the first oxidation
potential of MgP. At the end of the electrolysis, a deep purple mate-
rial was systematically deposited on the platinum anode. Interested
by this intriguing material, we have discovered that it is possible to
electropolymerize MgP on an electrode surface.

Thus, the goal of our actual study was to synthesize electroac-
tive films of this type by means of the electrochemical oxidation of
the magnesium(II) porphine monomer, MgP (Fig. 1b). The choice
of the coordinated cation, Mg(ll), stems from the easier syn-
thetic access to the porphine family recently reported for MgP
by Lindsey’s group [20]. Moreover, among free-base and metallo-
porphyrins, magnesium porphyrins exhibit one of the lowest first
oxidation potential [21] which is of particular interest to avoid
“overoxidation” of the electrogenerated material, well-known for
electroactive/conducting polymers. In addition, magnesium por-
phyrins are involved in photosynthetic process [22,23] and thus
polymeric films of MgP may be expected to possess interesting
photophysical properties.

The first results on the electropolymerization of MgP and the
characterization of the new synthesized electroactive materials are
presented below.

2. Experimental

MgP monomer was synthesized according to Lindsey’s proce-
dure [20]. The data ('H NMR, 3C NMR, UV-visible absorption, and
MALDI-TOF) were consistent with those 114\[20].

Acetonitrile (AN) for polymerization and cyclic voltammetry
(CV) studies of the film in a monomer-free solution was HPLC grade
(Prolabo) with initial water content <0.02% used without further
treatment. Tetrahydrofuran (THF) for partial polymer film dissolu-
tion (Acros Organics) was distilled over metallic Na + benzophenon
(Merck). TBAPFg (Fluka) was dried at 80°C for several hours prior
to the use.

Electrochemical measurements (film deposition and its char-
acterization in the monomer-free solution) were performed in
AN under Ar atmosphere (after deoxygenation of solution by
vacuum pumping) in three-electrode glass cell, with working

electrode (WE) being Pt or glassy carbon (GC) disk or ITO-layer
covered glass plate (with surface areas of about 0.01, 0.085 or
0.70cm?, respectively), with Pt wire as counter electrode and
Ag/0.01 M AgNOs +0.1 M TBAPFs + AN as reference electrode (RE)
separated by double frit with intermediate background solution
(0.1 M TBAPFg +AN).

All potentials in the paper are given vs. this RE. Its potential vs.
aq. SCE is 0.32 V [24]. Formal potential of the Fc/Fc* couple in AN vs.
RE is 0.10V. More detailed information on the cell, electrode and
procedures is available in reference [24]. Polymerization bath (with
the same electrolyte, 0.1 M TBAPFg) contained monomer solution,
0.25-1.0mM MgP in AN. All potentiodynamic experiments (poly-
merization, redox response of films) were performed at the scan
rate of 100 mV/s.

Homogeneity of the deposited film at the macroscopic scale
was controlled by optical microscope (Nikon SMZ1000). After the
deposition film was rinsed several times in AN, then transferred
into background electrolyte solution in electrochemical or spec-
troscopic cell.

UV_-visible spectra of solutions or film-coated ITO electrodes
were recorded with VARIAN UV-visible spectrophotometer Cary
50 scan. For measurements of solution spectra a quartz cell with
2 mm optical path length was used. IR ATR spectra were studied
with Bruker Vector 22 FT-IR spectrophotometer with MKII Golden
Gate Single Reflection ATR System. XPS analysis of the monomer
and films deposited on ITO was performed on a SIA100 spectrom-
eter (Cameca Riber apparatus) using non-monochromated Al Ko
X-ray source (1486.6 eV photons). X-ray powder diffractograms of
films on the surface of a Pt plate were recorded in a grazing angle
configuration using a position sensitive CPS 120 INEL detector with
monochromated Cu Ko radiation. Mass spectra of the components
of the deposited material soluble in THF were obtained on a Bruker
ProFLEX III spectrometer (MALDI-TOF) using dithranol as matrix.

IR ATR and XPS spectra of the polymer material were mea-
sured for films deposited on the surface of a Pt plate. For the sake
of comparison such spectra were also recorded for monomer lay-
ers obtained by repeating several times the procedure of placing a
drop of the MgP + AN solution on the Pt surface, with subsequent
evaporation of the solvent by drying in air. Since the literature IR
spectra for MgP were registered for its microcrystalline powder
(inside KBr pellet) we have also measured IR ATR spectra for our
monomer in its powder state. Experimental IR transmittance spec-
tra have been transformed into absorption ones, with subtraction
of the background signal.

For extraction of soluble components of the deposited material
the film-coated electrode (ITO or Pt plate) was placed into THF,
then the solution was concentrated by the solvent evaporation. In
the alternative procedure the polymer was deposited on the surface
of a porous carbon electrode, with subsequent extraction by THF.
Thus obtained solutions were used to measure their MALDI-TOF
and U\kvisible spectra.

3. Results and discussion
3.1. Monomer oxidation and film formation

If the potential of a bare electrode (Pt, glassy carbon, ITO) in con-
tact with the MgP-containing electrolyte solution in AN is swept
in the positive direction one can see several successive oxidation
waves (Fig. 2a), the peak potential of the first wave being at about
0.4V (Fig. 2a and b). The presentation of these data in the form of
a “reduced voltammogram” (Fig 2a) where the current is divided
by the monomer concentration, ¢, and by the square root of the
scan rate, v'/2, demonstrates the proportionality of the anodic cur-
rent to each of these parameters and no displacement of the first
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Fig. 2. (a) “Reduced” CV responses of bare Pt electrode (first scans) in MgP + 0.1 M TBAPFs + AN solutions: current, I, was divided by MgP concentration and by square root of
scan rate. Various MgP concentrations or/and scan rates: 1-0.76 mM, 100 mV/s; 2-0.46 mM, 100 mV/s; 3-0.46 mM, 300 mV/s; (bl)zgnulti—cycle CV response of bare Pt electrode

in 0.5 mM MgP +0.1 M TBAPFs + AN solution. Scan rate: 100 mV/s. Anodic limit: 0.6 V. All potential values in this paper are give!

peak potential. The shape of these voltammograms is in conformity
with observations for numerous substituted porphyrins [1] where
several oxidation waves is usually observed which are related to
generation of the corresponding cation radical, dication, etc.

In this paper we present results for the monomer and the
deposited film only for the potential range below 0.5-0.6 V. Elec-
trooxidation of the monomer or of the film at a higher potential
results in formation of quite a different electroactive material, the
properties of which will be discussed in another paper [25].

If the potential sweep is restricted to the first oxidation wave
(with 0.5-0.6 V as anodic potential limit), the shape of the first-cycle
atthe bare electrode surface (line 1 in Fig. 2b) corresponds to a rapid
electron transfer reaction with participation of solute reactant and
product, rather than that within the adsorbed layer. In particular,
we observe a pair of well-developed anodic and cathodic waves,
with the difference between their peak potentials, AEp =54-56 mV
for 100-300mV/s (for data in Fig. 2a and b), being close to the
theoretical value for the E;ey mechanism with n=1. However, the
intensity of the cathodic wave is much lower than the predicted one
for a pure electron transfer (the ratio of the “corrected” cathodic
peak current to the anodic one is below 0.5), testifying in favor of a
follow-up chemical reaction of the product of the electrochemical
step, cation radical (MgP**), with the monomer or another cation
radical (EC mechanism).

This conclusion on the generation of irreversibly transformed
products is confirmed by observations for subsequent cycles within
the same potential interval (Fig. 2b). The intensities of both the
anodic and cathodic waves increase progressively in the poten-
tial range above 0.2-0.3V, compared to the first-cycle response,
together with the change of the shape of the anodic branch. This
all testifies in favor of deposition of an electroactive film, giving an
additional contribution into the overall current due to the change
of its redox charge.

Optical microscopy (Fig. 3) confirms the formation of a solid
colored film uniformly covering the electrode surface, whose thick-
ness grows with the number of potential scans, as it follows from
the visual (intensification of the film’s color) and electrochemical
(see below) evidences.

Films of the same type can also be deposited in the poten-
tiostatic regime, with the potential step from 0V to 0.25-0.45V
(Fig. 4a). A characteristic feature of this chronoamperometric curve
is the absence of the minimum of the current between the short-
time decreasing branch and the stabilized region while such a
minimum is usual for conventional electron-conducting polymers.
The latter is generally attributed to polymer nucleation effects
at the bare electrode surface [22,23]. The absence of this mini-
mum (such behavior has already been pbserved, e.g. for PEDOT
deposition from a microemulsion [26]) might be related to a differ-
ent rate-determining step of the process within this initial period

{25 Ag/0.01M AgNO; +AN.

(compared to the process for most conjugated polymers), e.g. if
the process is controlled by diffusion of the monomer from solu-
tion to the uniformly accessible surface or by the rate of the
one-dimensional growth of the oligomer/polymer chains, without
increase in the active surface area [27]. Another possible explana-
tion of the absence of the current minimum is a different deposition
mechanism where poorly soluble oligomer molecules form aggre-
gates already inside the solution phase and then are attached to the
electrode surface.

The rate of the film deposition increases with the MgP concen-
tration (lines A and B in Fig.4a). This process may also be accelerated
by a higher deposition potential (within the interval from 0.25V to
0.45V), still resulting in electroactive films with similar properties,
but the deposition efficiency becomes lower for higher poten-
tials (see the next section). Sequential depositions from the same
monomer solution under constant conditions demonstrate practi-
cally identical current-time curves (series of lines A and B in Fig. 4a)
and redox responses of deposited films (Section 3.2), i.e. a good
reproducibility of the deposition process. The polymerization rate
depends also on hydrodynamic conditions. In particular, mechani-
cal stirring of solution accelerates the film growth (lines A and C in
Fig. 4a).

100 pm

Fig. 3. Optical microscopy image of a film deposited at 0.35V on ITO covered glass
plate.
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Fig. 4. (a) Potentiostatic deposition curves at E=0.35V under various conditions. Series A: 0.25 mM MgP, no stirring. Series B: 1 mM MgP, no stirring. Curve C: 0.25 mM
MgP, with stirring. Curves for each series, A or B, were measured sequentially from the same monomer solution. (b) Shape of redox responses of films deposited at various
conditions. Electrode material: Pt (1, 3) or ITO (2). Deposition potential: 0.35V (1, 2) or 0.45V (3). Monomer concentration: 0.5 mM (1, 2) or 0.25 mM (3). Deposition charge:
30mC/cm? (1), 6.5mC/cm? (2) or 6 mC/cm? (3). With stirring (1) or without agitation (2, 3). All solutions: 0.1 M TBAPFg in AN. Measured CV curves were normalized by
divding the current by its anodic maximum, I{/Iax. Each of these responses was registered during 5 consecutive cycles (a single cycle is shown in the graph), the corresponding

CV curves being practically coincident.

Parallel to the film deposition the oxidation of MgP in AN solu-
tion both in the potentiodynamic and potentiostatic regimes leads
to the generation of solute products. Their analysis with the use
of UV-visible absorption spectroscopy and MALDI-TOF mass spec-
trometry showed that they represent a mixture of the dimer, trimer
and longer-chain oligomers, in which the MgP units are linked by
single meso-meso bonds as it was already observed in CH,Cl, [19].

3.2. Redox properties of the deposited film

The response of the film-coated electrode in monomer-free
solution (Fig. 4b) in the multi-cycle experiment is perfectly sta-
ble if the cathodic limit is gbove —0.5 V and the anodic one does not
exceed 0.4V (treatment o0f the film with a higher potential leads to
its irreversible oxidation, modifying it into quite a different elec-
troactive material [25], the transformation rate being relatively
low for 0.5-0.6 V while increasing rapidly for higher potentials).
Variation of the deposition parameters as polymerization charge,
MgP concentration, deposition potential (within the aforemen-
tioned limits), stirring conditions, etc. changes the intensity of the
redox response of the film, in particular the maximum anodic cur-
rent, [max, While its shape%lmax vs. E, remains practically the same
(Fig."4b).

The redox response of the film for various scan rates is shown in
Fig. 5ain the form of a “reduced voltammogram” where the current
was divided by the scan rate, i.e. ifv vs. E, while the dependence of
the maximum anodic current on the scan rate is given in Fig. 5b.

Practical coincidence of the curves in Fig. 5a and the proportional-
ity between [max and v in Fig. 5b are observed for sufficiently low
scan rates (up to about 100 mV/s for the anodic branch). It implies
that the film is charged (or discharged) in a uniform manner, with
the instantaneous level of the charging degree being close to its
equilibrium value for the potential value at that moment. A devi-
ation from this limiting behavior takes place for higher scan rates
(Fig 5a and b) due to ohmic potential drop in solution and/or slow
electron-ion charge transport across the film.

The overall redox charges within this potential range /\from
—0.5Vt00.4V) for the anodic and cathodic scans are well balanced,

ok = C:gox (Fig. 5¢), and denoted below as Qedox- Both redox
charges diminish with increase of the scan rate (Fig. 5¢), due to the
above-mentioned kinetic factors. The redox charge for low scan
rates characterizes its thermodynamic value for this film.

These features as well as the symmetry of the anodic and
cathodic branches in Fig. 5a (especially for low scanrates) represent
a proof that the film possesses sufficiently high electronic and ionic
conductivities within the potential range of its electroactivity, from
about 0V to 0.4V. This conclusion is also confirmed by the possi-
bility to grow these electroactive films electrochemically up to a
thickness well above the molecular scale since this process always
requires to realize the electronic charge transport from the elec-
trode to the external surface of the film where the new portion of
monomer is oxidized (or reduced). Therefore, the deposited mate-
rial must be electronically conducting at least at the polymerization
potential, about 0.3/(0.4V for the system under study.

8(6)
750p 12044
H 7504 L 2
500p | o100y . I
%3 o
E_ 250 2:00“' . %HBOM &
£ o 3 %ge(m.
-250p 250p- 40y x
redor
20
-500p | 5 o &,
’ . . ; . ; , ’ 0+t .
04 -02 00 02 04 00 02 04 06 08 1.0 0.01 0.1 1
EV v, Vis v, Vis

Fig. 5. Redox response of a film on ITO electrode in contact with 0.1 M TBAPFs + AN solution for various scan rates, from 10 mV/s to 1V/s, potential range: —0.5V to 0.4 V.
(a) “Reduced” CV curves where the current, I, for each potential was divided by scan rate. (b) Maximal anodic current, I, VS. scan rate, v; small square indicat{} the area
expanded in inset. Inset: Imax Vs. v plot for slow scan rates. (¢) Anodic (Q3" ) and cathodic (Qrcat ) redox charges electrode/\\é.\scan rate. Potential interval: —O.SAV to04V.

VAN redox

edox
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Fig. 6. Dependence of the CV redox charge of a film (deposited on ITO elec-
trode potentiostatically at 0.35V from 04mM MgP solution, then cycled in
0.1 TBAPFg +AN solution, 100 mV/s) on the total deposition charge. Best fitting:
Qredoy% 0.03Qtot-

The plot of the redox charge of the film, Q;eqox. VS. the total depo-
sition charge for this film, Qto¢, with the other synthesis parameters
being kept constant, represents a straight line passing through the
origin (Fig. 6). These data imply that the deposition efficiency and
the specific redox properties (per unit volume of the film) remain
the same for all these films while both redox and deposition charges
are proportional to the film thickness.

The value of the ratio of these charges (equal to n=0.03 for the
data in Fig. 6) may be used to evaluate the charging degree (the
redox charge per monomer unit), &edox, for this system at 0.4V,
with the use of Eq. (2.8) in Ref. [28]:

Qredox =/QQt0t7 1 = Oredox(2 + Uredox )_1fpolym (1)

where fio1ym is the fraction of the total charge during the deposi-
tion process which was spent to generate the solid deposit at the
electrode surface.

The lower estimate for the charging degree, a?;g:)x’ corresponds
to the assumption that the charge is spent completely for the

film formation, fyoym =1, which gives from the value of » and
Eq. (1):Xcmi“ =2n(1 - n)” = 0.06. One should keep in mind that

signiﬁcanr?dao%ounts of both (colored) oligomers in bulk solution
and polymer particles deposited outside the electrode surface are
observed, i.e. fpolym is smaller than 1 so that the charging degree,
redox. 18 higher than this lower estimate.

The relation between the total deposition charge, Qtot, divided
by the surface area, A, and the film thickness, Lg;,, may be derived

fromEqgs. (1), (2)and (9) in Ref. [28] on the basis of the Faraday law:

Qr
Lgim = AqrotA qtot = Tot (2)
where the proportionality coefficient, A, i.e. the thickness of the
layer in nm deposited per 1 mC/cm? of the total deposition charge,
is expressed via the molar volume of the monomer, Vmon, or the
volume of the monomer molecule, vy,ec, in the solid state:

- 1
- fpolymfpo]r(2 + Oredox)  Vmon

A F

-1 -1
_ fpalymfpor(2 + redox)” VmolecNa

. 3)

Here, fpor is the porosity factor (fpor <1) equal to the fraction of
the volume of the film occupied by the polymer molecules, Na,
/Qvagadro number, F, Faraday constant.

Fig. 7. CV response of film-coated Pt electrode in contact with 0.1 M TBAPFg + AN
solution within a broader potential range: petween —2.2V and 0.4 V. Scan rate:
100 mV/s. Film was deposited at 0.35 V from/0*75 mM MgP solution with deposition
charge of 300 wC. Vertical arrows mark spikes of the cathodic or anodic current.
Inset: CV of bare Pt electrode in 0.5 mM MgP +0.1 M TBAPF; + AN solution (with first
scan in the negative potential range), 100mV/s.

A similar relation for the film thickness and the redox charge
density results from Eqs.Al) and (2):

Qreclox

Lﬁlm = Aredonredoxa Gredox = A (4)

é . fp_olr(aredox)_]umon _ fp_o]r(‘)lredox)_1 UmolecNa 5)
n F n F }\
The molecular volume, vy,gjec, for our monomer, MgP, may be
estimated from XRD data for the crystal composed from these
species with two additional coordinated pyridine ligands [29]:

. 3 . o
Vmolec ~ 400 A ~. It results in a crude approximation for the pro-
portionality coefficient in Eq. (2) for Lgj,, in nm and gor in mC/cm?:

Aredox =

Ar 12/{1m(mc/cm2)71fpolymfp_olr (6)

The value is about 5 times greater than that for polypyrrole, 2.5 nm
per 1 mC/cm? of the deposition charge (both factors, Spolym and fpor,
are usually assumed to be equal to 1 for this system) [30]. This
increase of the coefficient for MgP seems to be reasonable since
its molecular volume should be about 5 times greater than that
of pyrrole. Nearly the same estimate for the coefficient in Eq. (2),
i.e. Eq. (6), may be obtained via the first expression in Eq. (3) if
the molar volume is found from the formula: vmon = Mmon/Pmon
(Mmon =332 g/mol, molecular mass of MgP), with the monomer
density (in the solid state), pomon, being about 1.3/<1.5 g/cm3, ie. its
value for polypyrrole and its alkyl derivatives for various oxidation
levels [30,31].

For a known value of the total deposition charge density, Gtot,
Eq. (2) provides the value of the film thickness if the coefficient, A,
is available from Eq. (6). A usually used approximation consists in
the assumption that the factors in this formula, f,olym and fpor, are
equal to 1 or at least compensate one another, which results in a
very crude estimate:

A~(10-15)nm (mC/cm?) ' (69

The extension of the potential scan for the film-coated elec-
trode up fo —2.2'V reveals relatively weak waves pear —1.0V in
both directions of the scan and an extended range with anodic and
cathodic currents at potentialsé%elow —1.6V (Fig. 7). For relatively
thick films, the shape of the redox response of the film pear —2.0V
stabilizes after the first cycles but it varies depending on polymer-
ization conditions (potential, agitation, monomer Xoncentration,
etc.).

Please cite this article in press as: M.A. Vorotyntsev, et al., Magnesium(II) polyporphine: The first electron-conducting polymer with directly linked
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Similar redox activity was observed in the monomer solu-
tion at the bare electrode if the first potential scan from 0V was
made in the negative direction (inset in Fig. 7). The principal
cathodic and anodic waves at bare Pt or GC electrodes*near -2.0V)
demonstrate the usual features of a reversible diffusion-controlled
reaction but their shape is strongly distorted by adsorption waves
and redox transformations in the adsorbed state. Thus, the reduc-
tion-oxidation transformation of solute monomer (to its anion
radical and back) takes place both on (bare) Pt and GC in the same
potential range as the redox activity of the deposited film.

This coincidence represents the first evidence in favor of the
conclusion that the porphine unit retains its structure inside the
film. A much broader shape of the redox response of the units
inside the film may be attributed to electron delocalization between
neighboring units (see below), combined with usual heterogeneity
effects in the solid polymer phase.

A high intensity of the current in the potential ranges of the film
electroactivity, above 0V and pelow —1.4V, related obviously to the
change of the oxidation/charging level of this material provides an
evidence that this medium becomes electronically conducting for
these potential intervals since for this process the electronic charge
has to be transported between the electrode and the recharging
units of the material far away from the electrode surface. Another
argument in favor of the conducting type of this material in the
potential range around 0.3-0.6V follows from Fig. 2b: the inten-
sity of the monomer oxidation wave and the reduction wave of the
generated cation radical do not diminish in the course of cycling.
These reactions of solute species take place despite the growth
of the deposited film separating the electrode surface and the
monomer oxidation places at the external surface of the deposit. A
more quantitative characterization of the film conductivity is given
below.

These redox properties resemble closely those of conventional
conjugated/conducting polymers (e.g. polythiophene), with their
ranges of electroactivity at sufficiently high positive (“p-doping”)
and negative (“n-doping”) potentials, separated by the interval
without electroactivity with a very low redox response. The limits
of this insulating range./(rzom —0.2V to —1.2V, manifest them-
selves by characteristic spikes of the CV current (marked by vertical
arrows in Fig. 7) originating from rapid discharge of charge carriers
trapped inside the film, owing to the onset of electronic conduc-
tivity. One should note that the lower limit of this range would be
markedly more negative}\about —1.5V) if it is determined by the
rise of the redox response of the film, see also resistance data in the
next section.

3.3. Reactions of solute species and film resistance

We have already indicated above that the possibility to realize
the film growth electrochemically and the quasi-equilibrium redox
charging of such films in a background solution at low scan rates
represent adirect proof of a sufficiently high electronic conductivity
of their material. Additional information on the film conductivity
is provided by redox reactions of solute species at the film-coated
electrode. Fig. 8 shows the result of such tests for two solute species,
ferrocene (Fc) and titanocene dichloride (TcCl,).

Comparison of the CV responses of the film-coated electrode in
solutions with and without Fc (lines 2 and 1 in Fig. 8, respectively)
reveals that the reversible pair of anodic and cathodic peaks around
0.1V (equal to the formal potential of the Fc/Fc* couple) is added
to the redox response of the film itself. On the contrary, the fur-
ther addition of TcCl, into this solution (line 3 in Fig. 8) does not
result in a cathodic wave at gbout —1.0V, as it occurs at the bare Pt
electrode. The corresponding TcCl, reduction wave is displaced by
about 350 mV in the negative direction.
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Fig. 8. CV responses (5th cycle in each series, 100 mV/s) of the film-coated Pt elec-
trode in contact with background (0.1 M TBAPFg + AN) solution (line 1) or with
solution of 2mM Fc (line 2) or 2mM Fc+2 mM TcCl; (line 3). Film was deposited
potentiostatically at 0.35V from 0.5mM MgP solution, total deposition charge
38 mC/cm?.

The absence of the TcCl, reduction wave pear —1.0V proves
directly the absence of a significant area of the Pt substrate which
is not covered by the film as well as a sufficiently high electronic
resistance of the film at this potential. The appearance of this wave
at a more negative potential is usually considered as an implica-
tion that the electronic conductivity of the film begins to increase
again at approaching the electroactivity range within the range
of sufficiently negative potentials (see however the discussion
below).

Then, the observation of a reversible Fc wave (despite of the
complete coverage of the electrode surface by the film) means def-
initely a sufficiently high electronic conductivity of the film around
0.1V. All these conductivity features correlate well with the inten-
sity of the redox response of the film in the corresponding potential
intervals.

Quantitative information of the electronic conductivity of the
film is provided by potential step experiments where the extrap-
olation of the chronoamperometric curves to the zero-time limit
allows one to determine the total high-frequency resistance which
is approximately equal for our system to the sum of the solution
resistance, Rs, and the high-frequency electronic resistance of the
film, Rs.

The data for this sum, Rs + Ry, for a set of the electrode potentials
are shown in Fig. 9a. They demonstrate that the total resistance
in both ranges of the film electroactivity, above 0.2V and pelow
—1.6V, is close to the solution resistance, about 480 2 (this con-
stant value is shown by horizontal line in Fig. 9a). In particular,
for E>0.3V and E<-1.9V the film resistance becomes so small
compared to this value that we can get only its upper estimate:
Rf& 10 €2. On the contrary, a drastic increase of the film resistance
takes place in the potential interval between these electroactivity
ranges, with a maximum in the central part of this interval. The
shape of this resistance-potential plot and the level of the resis-
tance inside the insulating range depend both on the film thickness
(the thicker is the film, the higher is this level) and the conditions
of its deposition.

Data in Fig. 9a mean a more negative value for the lower limit
for the insulating range, /about —1.6V, and correspondingly its
broader extension, about 1.4V, compared to the values based on
current spikes (Fig. 7) or the wave of the TcCl, reduction (Fig. 8).
The observation of significant currents for the latter cases, despite
the insulating character of the material at those potentials, may
be related to a relatively small thickness of the film, i.e. not very
high resistance so that the overpotential, e.g. 350 mV for the TcCl,
reaction is sufficient to ensure the passage of a microampere-level
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Fig. 9. Dependence of (a) the total resistance, Rs +R¢, and (b) the film conductivity on the electrode potential. Pt disk electrode coated with deposited film whose thickness,
about 300-450 nm, was estimated with the use of Eqs. (2) and (6) for the total deposition charge of 30 mC/crﬁ’. Data in (a) were obtained by means of a set of cathodic

potential/s}eps with constant 0.1V amplitude in
electrode without film, R; =480 2.

current across the layer with the resistance of the order of tens of
k.

With the use of the electrode surface area and of Eqs. (2) and (64)
to estimate crudely the film thickness, one can recalculate the data
in Fig. 9a to determine the dependence of the specific electronic
conductivity of the film, «f, on the potential (Fig. 9b). Inside the
non-electroactivity potential interval the conductivity drops up to
a very low level (tens of nS/cm). Near the onset of the p- or n-
electroactivity it demonstrates a drastic rise, about three orders of
magnitude by 0.2 V for the film oxidation, pr —1.8 V forits reduction.
This increase continues obviously for higher charging levels but,
analogously to the data for the resistance, this method only allows
one to give a lower estimate of the conductivity in these potential
ranges: k> 0.02 mS/cm.

It is worth to note that the minimal conductivity for such well-
known conducting polymers as N-alkyl substituted derivatives of
polypyrrole is about 1 pS/cm while the maximal one is only of the
order of 1 mS/cm. In this context the new material corresponds well
to the term “conducting polymer” within its electroactivity ranges
while the range of variation of its conductivity is expectedly much
broader.

3.4. IR spectroscopy

Complete analysis of the vibrational structure and the IR spec-
tra of individual porphyrin molecules, in particular those of MgP
has been carried out with the use of quantum-chemical methods
[32]. On the contrary, such calculation has never been made for
extended porphyrin structures, even for their dimers, i.e. one can-
not rely upon theoretical results in interpretation of the IR data for
our (expectedly polymer) material.

Therefore, our analysis of the IR spectrum of the film will be
based on its comparison with the experimental data for monomeric
porphines. As the primary step the measured ATR IR spectrum of
our monomer (MgP) powder (Fig. 10b) was compared with the lit-
erature one for the MgP powder inside KBr pellet [32] (Fig. 10a) as
well as with theoretical values for IR-active vibrational frequencies
for this molecule [32]. A very good agreement between the spectra
and between the values of the maximums enables us to conclude
both on a high purity of our monomer and on the reliable measure-
ments of the spectra. The further comparison of the IR spectra for
our monomer in the forms of powder (Fig. 10b) or of a layer at the
Pt surface (Fig. 10c) reveals differences in some secondary features
(in particular, the noise below 650 cm~1) but all principal bands are
practically identical in both spectra.

Then, the IR spectra of the monomer layer (Fig. 10c) and of the
polymer film (Fig. 10d) reveal a very close similarity, both in posi-
tions of the principal lines and in their relative intensities. It means

potential interval from 0.3 V/t\o 2.2V. Dashed line in (a) corresponds to the high-frequency resistance for the bare

that the whole vibrational structure of the porphine is retained
inside the deposited material, i.e. that the film is composed from
intact porphine building blocks. Moreover, this identity of vibra-
tional structures of the material and the monomer excludes the
formation of multiple bonds between the units since it would affect
strongly the vibrational properties of the atoms included into such
bonds.

The next question is on whether the Mg cations are retained
inside porphine units inside the material in the course of the poly-
merization procedure. To answer this question the IR spectrum of
the free-base porphine, H,P (Fig. 1a), was also measured (Fig. 10e)
which was in a good agreement with literature data [33]. Compar-
ison of the spectra for MgP and H,P porphines [33-36] provided

Absorbance, a.u.

i ) 1 . : : ‘LL
1800 1600 1400 1200 1000
wavenumber, cm’”

600

800

Fig. 10. IR absorption spectra (only the range between 600 and 1900cm™' is
shown): (a) from transmission spectra of monomer (MgP) powder inside KBr pel-
let (data of [32] after subtraction of background absorption); (b-e) our samples,
ATR mode: (b) monomer (MgP) powder; (c¢) monomer (MgP) layé} on Pt plate; (d)
polymer film deposited on Pt plate; (e) powder of free-base (H,P) porphine.
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Fig. 11. XPS spectra for the MgP monomer (line 1) and for deposited film (lineX): (a) Mg 1s, (b) C1s,(c)N 1s.

several wave length intervals with a qualitatively different behav-
ior: (1) absorption bands at about 680 and 3320cm~! (not shown
in Fig. 10) related to vibrations of nitrogen-bonded H atoms inside
the cavity, only present for H,P [33,34], (2) very intensive bands at
about 990 and 1050 cm~! in the spectium of MgP while less inten-
sive bands are visible for H,P at about 950 and 965 cm~!. Analysis
of the spectrum of the film (Fig. 10d) revealed its perfect agree-
ment with the spectrum for Mg containing species but no features
of the free-base one. Therefore, one may conclude that Mg cations
are not lost during the film formation or the electrode cycling in
background solution.

Thus, the IR data for the synthesized material testify in favor of
its structure as polymer chains with single bonds between mag-
nesium porphine units so that it may be called “polyporphine” or
more accurately “poly(magnesium(Il)-porphine)” (pMgP).

3.5. XPS

To characterize both the ratio of elements inside the deposited
material and the oxidation states of the elements in it, XPS spec-
tra were measured in parallel for a solid layer of the monomer,
MgP, deposited on Pt plate from AN solution and for electropoly-
merized polyporphine films on ITO electrode surface. Calibration
factors for the recalculation of the integral intensity of the peak for
each element in the experimental spectrum into its atomic con-
tent were determined from the data for the monomer, in particular
to get the proper ratio, 1:4, of the atomic contents of Mg and N.
Then, these factors were used for the treatment of the XPS spectra
for polyporphine films. The average ratio of the atomic contents
of Mg and N for polyporphine films, 1.01:4, turned out to be iden-
tical to that for the monomer, within the experimental precision
(£5%).

This conservation of the Mg-to-N ratio in the course of the poly-
merization represents an important indication on the structure
of the obtained material. The electron-conducting property of the
polymer at the potential of its deposition (see above) implies the
electronic conjugation between the neighboring monomer units.
The latter means that the formation of the chemical bonds between
these units must be accompanied by release of protons (two pro-
tons per each bond), i.e. by increase of the local acidity. Therefore,
one cannot exclude a priori that these protons may replace mag-
nesium cations inside porphine units, both in dissolved monomer
and inside the polymer. The above XPS data demonstrate that the
polymerization in the chosen mild conditions (at a very low oxi-
dation potential, with a weak current intensity) liberated protons
leave into the bulk solution, practically without demetallation of
porphine units inside the polymer.

Comparative analysis of the data for the polymer and for the
monomer was also applied to the XPS spectra of each element, Mg,
Cand N, to characterize their oxidation states.

The shapes and positions of the XPS spectra of Mg 1s (Fig. 11a,
maximum at 1303.2eV) and C 1s (Fig. 11b, maximum at 284.5eV)
are practically identical for monomer and polymer. This is also valid
for the N 1s spectrum (Fig. 11c): its shape is practically the same for
the monomer and for polyporphine film, being composed from the
principal peak at 307.7 eV and a shoulder shifted to higher energies
by about 1.9 eV, their relative weights being about 80%:20%.

These observations confirm the conclusion based on the above
IR analysis that the deposited material represents a polymer com-
posed from intact porphine units, with Mg cations retained inside
them. The shapes of all elements correspond well to literature
XPS data for porphyrins, in particular the above shape of the N 1s
spectrum (including the position and the relative intensity of the
shoulder) reproduces nicely those that for monomeric MgTPP [37].
The conclusion on the porphine ring conservation is also in confor-
mity with the absence of carbon-oxygen (286-289 eV [38-40]) or
nitrogen-oxygen (403-407 eV I{l\l]) bonds in C and N spectra for
these films.

The XPS spectra of the polyporphine films do not show signifi-
cant bands of P or F which would be related to counter-ions, PFg~,
from background electrolyte incorporated into the deposited mate-
rial to compensate the positive charge of the polymer matrix. On
the contrary, the presence of these elements was visible in control
XPS experiments with polymer films of the polypyrrole family. We
do not believe that the absence of the P and F signals for pMgP
deposits is due to release of anions from the film due to its dis-
charge during the electrode extraction from the solution (for the
further XPS studies) where the control of the oxidation level by the
electrode potential is inevitably lost, since the OCP measurement in
solution does not show a rapid potential evolution. More probably,
the difference observed for pMgP and substituted polypyrrole films
should be attributed to a much higher content of these anions in
the latter materials: the typical charging degree for these polymers
is about 0.25-0.3 of the (positive) electron charge per monomer
unit, i.e. 0.0(3/30.075 of anion per carbon atom of the pyrrole ring.
A crude estimate of the charging degree, ¢ eqox. €.g. for the poly-
porphine film used for XPS measurements was about 0.06 of the
electron charge per MgP unit, i.e. about 0.003 of PFg~ anion per
carbon atom of the MgP unit. It means that the relative intensity
of the P and F bands in XPS spectrum for the polyporphine sys-
tem is expectedly about 20-25 times less intensive than that for
polypyrrole films, too weaé\for detection due to the noise of the
XPS signal.

3.6. U\kvisible spectroscopy

According to the exciton model [42], the direction of the broad-
ening in the spectrum of a complex formed by several identical
units, compared to the monomer bands (to higher or lower ener-
gies), should depend on the geometrical configuration of this
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Fig. 12. UV-visible spectra: (1) monomer, MgP, in AN solution; (2) film deposited
on ITO ele{t}ode (in its insulating state); (3) components of the film extracted by
THF (spectra 2 and 3 are normalized, A/Amax, with the use of the maximal absorption
of the spectrum.

complex. A blue shift may be gxpected, e.g. for aggregates with
monomer units displaced in the direction normal to the monomer
planes. On the contrary, a downward tendency for the excitation
energy should be characteristic, e.g. for a linear chain of covalently
linked units with the dipole moment in the excited state oriented
along the inter-unit bond.

Comparison of the UV-visible spectra for the monomer (in AN
solution) and for polymer film in its discharged state (lines 1 and 2
in Fig. 12, respectively) demonstrates a strong broadening of both
Soret and Q-bands of the monomer after polymerization, which
are transformed into plateau-type ranges, typical to spectra for
polymeric materials. The downward tendency for the transitional
energy allows one to exclude that our material is formed by the
mr-stacking of porphine units while this feature matches well the
expected polymeric structure with covalent bonds between neigh-
boring porphine units.

The observed plateau character of both former Soret and Q-
bands in the spectrum of the material may be attributed to a
great dispersion of the transitional energies due to variation of
the dipole-dipole interaction energy because of various distances
between ‘the interacting units and various angles between their
planes. The noticeable absorption in the range above 700 nm is
probably related to the light scattering by supramolecular aggre-
gates on the surface of the film or/and to residual delocalized
electronic species trapped inside the film.

3.7. XRD

XRD spectrum for polyporphine film is shown in Fig. 13. All
recorded peaks correspond to the values for the Pt substrate (JCPDF
01-087-0636). It means that polyporphine polymer do not possess
a pronounced crystalline structure.

3.8. Soluble fraction of the film: /Q/IALDI—TOF mass spectrometry

For the further characterization of the deposited material, rel-
atively thick films on the large-area electrodes were treated by
THF, with characterization of extracted soluble components of
the film. Fig. 14a shows a representative example of the MALDI-
TOF spectrum for a solution obtained via the first procedure of
solution preparation, in which one can see a series of isotopic
patterns, each of them corresponding to the mass (for various iso-
topic compositions) of an oligomer (linear or zigzag type, without
closed loops in its chain) composed from MgP units with a sin-
gle bond between them. The second extraction procedure provides
solutions of higher concentrations, i.e. a more intensive MALDI-

10 20 30 40 50 60 70 80 90 100 110
20

Fig. 13. XRD spectra of film deposited on Pt substrate.

TOF spectrum (Fig. 14b). The set of principal isotopic patterns
corresponds again to expected oligomers (Table 1). In particular,
the minimal mass within each isotopic pattern matches well the
formula: My =n(Mp, —2My)+2My, My and My being (minimal)
masses of MgP‘and proton, respectively, with the values of n from
3 to 8 (Fig. 14b). The distribution of intensities within each isotope
pattern is also in agreement with theoretical predictions for the
corresponding oligomer with single bonds (Fig. 14c).

Hypothetically, two neighboring porphine units in a chain could
form more than one (two or even three) single bond between their
peripheral carbon atoms (double or triple bonds cannot be formed
without a chemical change of the porphine structure), as e.g. in
linear oligomers composed from porphyrin blocks by three bonds
of meso—meso and two - types [17]. However, the oligomer with
such multiple bonds would have a different mass, compared to its

ingly bonded analog, since each extra bond means the removal of
two protons. Therefore, both the “minimal mass” and the isotopic
pattern as a whole for such oligomer would demonstrate a clearly
visible shift to lower masses (—2My units per supplementary bond)
compared to our experimental data.

Besides the peaks related to these fully metallated oligomers
one can also note “satellites” with lower masses (Fig. 14a and b)
corresponding to the loss of one (or several) Mg cation from these
oligomers. Their relative intensities (compared to that for the fully
metallated oligomer) are higher for the second preparation proce-
dure (Fig. 14b) since the transport of the protons generated during
the polymerization on the surface of porous carbon to the bulk solu-
tion is hindered. As a result, the local acidity increases resulting in
a greater loss of Mg cations from some monomer units in the film.

One should not consider the fraction of demetallated oligomers
in MALDI-TOF spectrum as identical to such fraction in the ini-
tial sample analyzed by this technique. Partial demetallation of
porphine units takes also place in the course of the sample ioniza-
tion. It follows from our observation of an analogous satellite peak
(corresponding to the free-base monomer, H,P) in the MALDI-TOF
spectrum of pure MgP monomer while the NMR spectrum of this
substance shows only the metallated porphine.

Analogously, one cannot identify the distribution of intensities
in spectra of Fig. 14a and b as a function of the oligomer length with
that for oligomer A‘eactions inside the deposited material since the
former is also affected by the difference in their solubility and in
their ionization ability.

The absence or a weak intensity of the peak for the dimer,
(MgP),, in our MALDI-TOF spectra originates probably from its rel-
atively high solubility in AN (compared to that for longer-chain
oligomers) so that it is not accumulated inside the film in the course
of its deposition.
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Fig. 14. MALDI-TOF mass spectra of solution prepared according to (a) first or (b) second extraction Srocedure. Comparison of experimental isotopic patterns (solid lines)

for n=5(c) and n=6 (d) with theoretical predictions (dot lines) for the corresponding oligomers co

3.9. Soluble fraction of the film: U\kvisible absorption
spectroscopy

The THF-soluble fraction of the deposited material has also been
characterized by the electronic spectrum of this solution measured
after its concentrating (Fig. 12, line 3). It demonstrates an obvious
qualitative resemblance with the spectrum of the film (line 2 in
Fig.12), in particular broadening of both Soret and Q-bands towards
lower energies. However, the plateau regions observed for the film
are replaced a wider band for the Q region or a split one for the
Soret range.

The splitting of the Soret band into two subbands (of equal inten-
sities) has been observed for linear-chain zinc porphyrin oligomers
in the solute state [12], the higher energy one being located near
the initial Soret wave length while the shift of another subband to
lower energies increases with the chain length. In this context the
shape of line 3 in Fig. 12 may be interpreted as a superposition of
the spectra for analogous magnesium porphine oligomers (whose
presence has been proven by mass-spectrometry of this solution,
see above), with the principal contribution of oligomers with 3-4
units. In particular, it explains the presence of akigher intensi
peak near the position of the Soret band for the monomer (line
1 in Fig. 12) and of a broader but)\ower intensity subband with
maximum at 480 nm.

The aforementioned differences in the shapes of the spectra for
the film and its extracted fraction (lines 2 and 3 in Fig. 12, respec-
tively) should be a consequence of several factors: (1) the insoluble
fraction of the film should expectedly correspond to longer chain

Table 1

sed from MgP units with single bonds between them.

lengths;}\Z) the presence of a broader range of the chain lengths
in the deposited film, compared to its soluble components; (3) the
insolubility of certain components of the film may also be due to
side cross-linking bridges between the chains, which affect the
spectral properties; }\4) mutual orientations of neighboring por-
phine units with respéct to the bond between them should be quite
different for the same oligomer molecule in the solute state (where
the units tend to be oriented perpendicularly to the bond [12],
due to the van der Waals repulsion between them) and inside the
solid matrix (where the electronic exchange between units acts
in the direction towards a more planar configuration). According
to the exciton theory [42] the change of the molecular geometry
and consequently the mutual orientation of transitional dipoles
leads inevitably to a different shape of the oligomer spectrum;
5) at last, the spectra in the solid state are smeared out due to
heterogeneity of the polymer matrix and intermolecular interac-
tions.

3.10. Molecular structure

The IR and XPS data for the film show that both porphine unit
and Mg cation are retained inside the deposited material. As for
inter-unit linkage, the striking resemblance of the IR spectra for the
monomer and the deposited material provides a strong argument
in favor of a single bond between neighboring porphine units.
The latter conclusion matches perfectly with the observation of
transitions between the insulating and electron-conducting states
upon variation of the electrode potential. The electronic conduc-

Experimental data for MALDI-TOF spectra of THF extracted solutions and theoretical predictions for “minimal masses” and masses of peaks with maximal intensities for a

series oflinear/s\ingly linked Mg porphine oligomers.

n Mass of the peak with the lowest mass within isotopic pattern

Theoretical predictions

Experimental values

Mass of the peak with maximal intensity within isotopic pattern

Theoretical predictions Experimental values

1 332.09 -

2 662.17 661.92
3 992.24 992.08
4 1322.32 1322.22
5 1652.39 1652.32
6 1982.47 1982.38
7 2312.54 2312.46
8 2642.62 2642.54
9 2972.70 2972.57

332.09 -

662.17 663.20

993.24 993.08
1324.32 1324.23
1654.40 1655.32
1985.47 1985.41
2315.55 2316.45
2646.62 2645.55
2976.70 2976.57
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tivity requires a sufficiently good overlap between m-electrons of
neighboring units so that the dihedral angle between them should
be relatively small in this state. The transition to the insulating
state implies that electrons become localized within their own
unit so that the dihedral angles should increase to diminish the
van der Waals repulsion, within the limits allowed by the sur-
rounding solid matrix, thus breaking the electronic exchange. Such
rotation of porphine building blocks around the inter-unit axis
(even for a relatively small angle) would be impossible if a pair of
neighboring units were linked by more than one bond. Moreover,
such reorientation of a porphine unit inside a solid matrix would
be hardly possible for two-dimensional, cyclic or zigzag structures
of oligomer/polymer chains since the rotation of a porphine unit
would then require a strong displacement of connected units. This
reasoning leads to the conclusion on the linear polymer/oligomer
structure of the deposited material.

Electronic distribution in the valent Ay, orbital of Mg and Zn
porphyrins [43,44] results in reactions at meso positions [45], In
conformity with this general tendency the porphyrin with blocked
meso positions, MgTPP, does not polymerize, a stable cation radi-
cal being formed at the potential of the first oxidation wave [46].
The same behavior was observed for a porphyrin with free meso
positions, MgOEP [46-48], this time due to steric hindrance aris-
ing from ethyl substituents in 8 positions. On the contrary, mild
chemical [12] or electrochemical [44,49] oxidation of Mg and Zn
porphyrins with protected 5,15 meso positions (but without sub-
stitutions in B positions) leads to corresponding linear oligomers
with meso-meso linkage between units. Similarly, electrochemi-
cal oxidation of our unsubstituted porphyrin, MgP, results (besides
the deposited polymer film) in solute linear meso-meso bonded
oligomers [19]. Since our deposited material represent the product
of a further transformation of these soluble oligomers while the
above analysis testifies in favor of its structure as linear chains of
MgP units one may conclude that these porphines are linked by
meso—meso bonds.

is conclusion is in conformity with MALDI-TOF spectra of
its THF-soluble fraction (Fig. 14), which correspond to various
oligomers with this structure whilé the UVvisible spectrum of this
solution (line 3 in Fig. 12) allows us to extend this result also to the
insoluble fraction of the film.

The absence of any substituent in MgP, combined with other
data for this system, assures that the film is formed by direct links
between these monomer units. In this context the possibility to
get such polyporphine chains by polymerization of MgP is due to a
fortunate combination of its Mg-coordinated and substituent-free
characters.

4. Conclusion

The synthesized intriguing material, “poly(magnesium(II)-
porphine)” (pMgP), belongs to electroactive polymers, possessing
characteristic electronically conducting states, with mobile holes
(“polarons”, “bipolarons”) at high oxidation levels and mobile
“electrons” for a strongly reduced state, separated by the non-
electroactivity range in which the material is electronically
non-conducting. This behavior is related expectedly to the transi-
tion between a molecular organization with small dihedral angles
between porphine units for the electronically conducting state and
the structure with twisted orientations of neighboring monomer
units for the insulating state. On the basis of a combination of
various experimental data for this material (electrochemistry, IR,
XPS and UV-visible spectroscopy, MALDI-TOF mass spectrometry)
we arrived to the conclusion that these polyporphine films are
composed from linear molecular chains with meso-meso linkage
between neighboring porphine units.

To our best knowledge, it is the very first example of a polymeric
structure formed only by unsubstituted porphyrin units.

Owing to their very interesting photophysical (absorption
within a broad UV-Vis spectral range) and electronic (very low oxi-
dation potential, conductivity in two potential ranges) properties,
one can expect that these totally new electroactive materials will
find applications, e.g. in molecular electronics, pon-linear optics,
photovoltaics, energy sources, corrosion protec(i%n.
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