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Preparation and reactivity of metal-containing monomers
37.* Redox properties and electrochemical polymerization of methacryloylacetone
and its Fe!'l and Cu!! complexes

A. B. Gavrilov, T. 1. Movchan, and A. D. Pomogailo™

Institute of Chemical Physics in Chernogolovka, Russian Academy of Sciences,
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Electroreduction of methacryloylacetone and its Felll and Cu!! complexes was studied by
cyclic voltammetry and preparative electrolysis on a Hg electrode. The possibility of the
electropolymerization of the compounds at highly negative potentials (—2.0 V, vs sce) has
been demonstrated. The polymers obtained were characterized by elemental analysis,

electronic, IR-, and Massbauer spectroscopy.
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Earlier we described the synthesis, properties? and
regularities of radical polymerization3 of some first-row
transition-metal methacryloylacetonates and reported the
characreristics of the polymers produced. It has been
noted that Felll and Cu!! methacryloylacetonates practi-
cally do not polymerize under the conditions studied.
This fact is assumed? to be due to the intramolecular
termination of the chain resulting from the transfer of an
electron from the growing macroradical to the metal
ion. EXAFS data support this suggestion, confirming
partial reduction of the metal ion during the polymeri-
zation of Cu!! methacryloylacetonate.>

The termination of the polymer chain can be avoided
by reducing the metal ions in the monomeric complexes
beforehand or by constantly regenerating the active radi-
cal centers. Both of these conditions are feasible during
the electrochemical polymerization of metallomonomers.
The advantages of this method are that it is possible to
strictly control for chain initiation and termination, and
to produce electrodes modified by metallopolymers and
possessing electrocatalytic activity. In the present work
we studied the redox properties and the possibility of
electropolymerization of Cu!l and Fell! methacryloyl-
acetonates and methacryloylacetone designated herein-
after as (MAA),Cu, (MAA);Fe, and (MAA), respec-
tively.

Results and Discussion

On a Pt electrode in Buy,NC10,/MeCN, weak waves
of reduction and oxidation are observed for all three of

* For part 36, see Ref. 1.

the compounds. Multiple cycling of the potential in the
anodic and cathodic regions is followed by a gradual
decrease and then disappearance of all of the noticeable
signals. This points to electrodeposition of insulating
films, which block the electrode surface, and in princi-
ple confirms the possibility of electropolymerization of
the compounds studied. More distinct signals can be
observed on a Hg electrode. Therefore the processes that
occur on this electrode during electroreduction (ER)
will receive primary emphasis.

Methacryloylacetone. There are three reduction
waves, I, 1, and 1II (Table 1), in the cyclic voltam-
mograms of MAA (Fig. 1). The height of wave I is close
to that of the one-electron oxidation of ferrocene to the

Table 1. Electrochemical properties of MAA, (MAA);Fe, and
(MAA),Cu

Compound Wave Ep AE,
(Ep/Q/V) (AEp-—p/Z/mv)
MAA I (—1.64) (110)
Il —~1.88 80
111 (—2.30) (50)
(MAA);Fe I +0.13 130
I —1.84 80
(MAA),Cu 1 —0.565 250
11 (—2.860) 40)
I —0.255 70
v —0.150 80

Note. By = (Ef + E/2% 8Eq = (B — EY/2;
AE, pp = Ey— E,p, where Ef and E,? the are potentials of
the cathodic and anodic waves; £, is the half-height poten-
tial.

Translated from Izvestiva Akademii Nauk. Seriya Khimicheskaya, No. 2, pp. 255—261, February, 1994.
1066-5285/94/4302-0232$12.50 ©1994 Plenum Publishing Corporation
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Fig. 1. Cyclic voltammogram of MAA (1073 mol L™!) on a

200 mV s~! (a) and background curve (5).

ferricinium ion and increases proportionally to the
square root of the scanning rate (v) in the region
20-—500 mV s~1. This fact attests to diffusion-control-
led one-electron transfer with the formation of the
MAA "~ radical anion at this stage of ER. The absence of
the corresponding reoxidation wave in the anodic
region of the voltammogram points to the chemical
instability of MAA"'~. The height of wave II also in-
creases proportionally to v?-3, moreover, with increasing
v the ratio of the heights of the waves I/II drops from 5.6
at 20 mV s7! to 2.7 at 500 mV s~!, which proves again
the chemical instability of the product of one-electron
reduction of MAA. By analogy to the electropolymeriza-
tion of such vinylic monomers as acrylonitrile, methyl
acrylate, methyl methacrylate, vinyl acetate,® and
vinylferrocene derivatives,” which demonstrate similar
redox properties, one can propose the formation of the
dianion MAA?™ at the second stage of ER. In this case,
an oxidation wave (Ifa), whose height exceeds the over-
all height of waves Ic and IIc and increases proportio-
nally to v appears in the anodic region of the voltam-
mogram at £ = —[.84 V, which points to the adsorption
character of this wave. When the multicycling potential
is applied between —1.0 and —2.0 V the height of wave I
gradually decreases, and simultaneously waves IIc and
I1a increase. This points to the formation of a product,
that is adsorbed on the electrode surface. As in the ER of

Hg electrode in 0.05 mol L™! BuyNClO,/MeCN at v =

acrylonitrile and methyl acrylate,® the instability of
MAA’ ~ may result from dimerization of the electro-
generated radical anions followed by the formation of
the respective dianion. This assumption is supported by
the shift of the potential of wave I to the cathodic region
as v increases from 20 to 200 mV s7! and as MAA
concentration decreases from 1072 to 1073 mol L1,
When v increases by an order of magnitude the current
function i - v%3 decreases by only 12.4 %.8

The qualitatively similar character of the IR spectra
of polymethacryloylacetone (PMA) produced by both
electrochemical (Fig. 2) and radical polymerization®
proves that the ER of methacryloylacetone involves the
vinylic group. The fact that the band at 1713 c¢cm™! in
the spectra of electrochemically generated PMA is more
intense than that of PMA produced conventionally points
to the increasing ratio of the keto-form in the keto-
enolic mixture of the polymer. This is also supported by
the relative decrease in intensity of the broad band at
3600 cm™! due to the vibration of the enolic OH groups.

Unlike the majority of the known$7? cases of ER of
vinylic monomers, electropolymerization of MAA is ex-
tremely slow under electrolysis conditions and stops
immediately when the current is switched off. When the
potential of MAA?~ formation is achieved the polymer
film readily deposits on the electrode surface and the
polymerization continues after the current is switched
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Fig. 2. IR spectra of polymethacryloylacetone produced by electrochemical (/) and radical polymerization (2).

off, which attests to the chain process. In this region of
potentials, the polymerization of methacryloyl may be
generally described by the following scheme:

Polymeric products

The unusual shape and the height of wave III, which
increases proportionally to v, point clearly to its adsorp-
tion character. The product of this ER stage completely
blocks the electrode surface, and even at the multiple
cycling potential no redox signals are observed in the
voltammogram in the anodic region. Most probably,
further ER of the MAA?™ dianion involving the p-dike-
tone fragment and resulting either in the formation of
the cross-linked polymer or in the decomposition of
methacryloylacetone and/or its polymeric derivatives and
producing compounds that are strongly adsorbed occurs
at this stage.

Felll methacryloylacetonate. Two systems of redox
signals are distinctly observed on the cyclic voltam-
mogram of (MAA); Fe (Fig. 3) in the regions +0.1 and
—1.85 V (Table 1). The heights of peaks Ic and Ia are
proportional to v0-5 and the distance between them is
260 mV, which points to the quasi-reversible reduction
of the complex in this region of potentials. The similar
redox properties of Fe, Co, Mn, Ce tris(B-diketonates)?
and particularly Fe tris(acetylacetonate),1® have been
discussed earlier, where ER has been considered to be
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Fig. 3. Cyclic voltammogram of (MAA);Fe (1073 mol L™!) on a Hg electrode in 0.05 BuyNCIO,/MeCN at v = 200 mV s~! (a)

and background curve ().

the transfer of one electron to the MO (with a consider-
able contribution from the AO) of the complex. With
respect to the similarity in the redox properties and to
the inactivity of methacryloylacetone at these potentials
(Fig. 1, Table 1), one can assume that (MAA); Fe
undergoes quasi-reversible reduction to the correspond-
ing Fell derivative.

Some peaks of quasi-reversible reduction (Ilc) and
reoxidation (IIa) (Table 1) are observed on cyclic
voltammograms of Fe methacryloylacetonate (Fig. 3) in
the region of MAA redox activity. The heights of these
peaks increase at the multicycling potential in this re-
gion. One can suggest that at these potentials an elec-
tron is transferred to the ligand resulting in the forma-
tion of a radical anion, which, unlike ER of methacry-
loylacetone, is active in the propagation reactions (see
below). A comparison of the potential of wave II and the
MAA reduction potential (wave I) (Table 1) allows one
to conclude that the coordination of the MAA vinylic
group by the Fe ion lowers the reactivity of this group.
This assumption is in accordance with the data on the
radical polymerization of transition-metal methacryloyl-
acetonates obtained carlier.

A yellow-brown metallopolymer with a metal con-
tent equivalent to the calculated (molar) value is formed
during electrolysis at the potential —2.0 V. The polymer
PMAFe is cross-linked and is insoluble in organic sol-
vents. The value M /M, = 1.28 (Table 2) obtained by
indirect methods indicates a narrow molecular-weight

distribution, and the average degree of polymerization
(P = 130) correlates well with the results of radical
polymerization of Coll, Nill, and Mn! complexes.? IR
spectra of the aforementioned transition-metal po-
lymethacryloylacetonates? and the polymer produced are
alike. In the latter spectrum the M—O stretching bands
{450—600 cm™!) and the bands due to the chelate
structure (1350—1570 cm™!) are retained and the in-
tensity of the C=C stretching bands (1634—1640 cm™!)
considerably decreases, which indicates that the chelate
structure is preserved during polymerization.

By comparing the Méssbauer spectra of Fe acetyl-
acetonate ((AA);Fe) and Fe methacryloylacetonate
(Fig. 4, Table 3) it can be seen that the spectral parame-
ters do not vary much when the acetyl group is replaced
by a methacryloyl group. Qualitatively, this comparison
permits one to note that the local cubic symmetry of the
Fe—O bonds in the structure of the nearest surroundings
of the Fe atom becomes more asymmetric.!! The iso-

Table 2. Molecular weights of polymethacryloylacetone and
Felll and Cul! polymethacryloylacetonates

Polymer M, M, M/M, P

PMA 27050 48690 1.80 215
PMACu 5500 9185 1.67 44
PMAFe 16440 21040 1.28 130
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Fig. 4. Mossbauer spectra of Felll methacryloylacetonate (1),
and Felll polymethacryloylacetonate (2).

meric shift of the lines attributed to the electron charge
density at the Fe nucleus is proportional to the average
Fe—O length in the complex and practically does not
vary. The value o; corresponds to the high spin state of
Fe™? (S = 5/2). But the noticeable narrowing of the T;
line in (MAA);Fe compared to (AA); Fe indicates that
the rate of spin-lattice relaxation of the Fe™3 jons de-
creases.

By analyzing parameters of the Méssbauer spectra of
Fe polymethacryloylacetonate (PMAFe) (Fig. 4) one
can conclude that during the electropolymerization of
metallomonomers the valence of Fe changes very little.
The average length of the Fe—O bond decreases and the
structure of the nearest surroundings of Fe becomes

Table 3. Mossbauer spectral parameters of Fe(IlI) acetyl-
acetonate, methacryloylacetonate, and polymethacryloyl-
acetonate

more asymmetric. Retention of the valence of Fe is of
interest because the potentials at which the transfer of
an electron to the ligand occurs should cause the ER of
the Fe ion. The most probable explanation for this
apparent discrepancy is the chain character of poly-
merization, in which the radical anion [(MAA),Fell} -+
reacts with the initial (MAA;)Fe complexes to form
electroinactive macromolecules. The chain character of
the process is confirmed again by the fact that the
current drops to zero after passage of 14.4 C of electric-
ity during the electrolysis of a solution containing
2.2 107* mol Fe. It is not difficult to determine that
this corresponds to the transfer of 1.4- 1074 moles of
electrons, which is 1.5 times less than required for the
one-electron reduction of all of the Fe*? ions.

Cull methacryloylacetonate. Two reduction peaks
are clearly observed in the regions —0.6 V (I) and —2.9 V
(ID) in the cyclic voltammograms of (MAA),Cu (Fig. 5,
Table 1). The one-e¢lectron (ferrocene standard) peak 1
is quasi-reversible and diffusion-controled limited
(i+v93 = const.) because in the anodic region of the
voltammogram the corresponding peak of reoxidation
(Ia) is present at —0.44 V. The considerable shift
(250 mV) between the cathodic and the anodic peaks
(AE,) is probably due to conformational changes occur-
ring during the reduction of the complex.* In addition
to peak la, yet another oxidation peak whose height
depends on v is observed at £ = —0.22 V in the anodic
region of the voltammogram (IIla). At 20 mV s~} the
height of peak la is similar to that of Illa, but at
500 mV s~! peak IIIa virtually disappears. In this case
the intensity of the cathodic signal (Ic) remains also the
same as the overall intensity of the anodic signals
(Ia+1IIa). The multiple cycling potential in the region
from 0 to —1.0 V results in a new ER peak at —0.29 V
(IIIc). The heights of this peak and the corresponding
reoxidation peak (Illa) increase during the initial 7—8§
cycles as the intensities of redox signals I and I’ de-
crease. The higher the scan number the more gradual
the shift of the reduction and oxidation peaks to the
cathodic and anodic regions, respectively, and subse-
quently the weaker the intensities of all of the noticeable
redox signals. Taking into account that methacryloylace-
tone has no redox-activity at these potentials (Fig. 1),
one can assign peak I to the transfer of one electron to
the MO of the complex (with the main contribution
from the AO of Cu). In this case, an unstable anionic
complex is formed and the product of its conversion,
which is active in reversible redox-reactions (AE,, =
70 mV), is gradually deposited on the surface of the Hg
electrode. At the potential —0.8 V, electrolysis results in

Compound  8/mm s~! Aymms™' f (%) Tymms™!
(AA)3Fe 0.41+0.01 0 1.1 2.00£0.02
(MAA)3Fe 0.40+0.01 0.80£0.02 1.2 0.56+0.02
PMAFe 0.33+0.01 0.67£0.02 0.9 0.51£0.02

* The original solid (MAA),Cu has a square-planar configura-
tion;? its interaction with MeCN should result in a square-
pyramidal configuration, as is in the case for copper
acetylacetonate.1? However, Cul! derivatives possess a tetrahe-
dral configuration.13
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Fig. 5. Cyclic voltammograms of (MAA),Cu (21073 mol L~1) on a Hg electrode in 0.05 mol L™! BuyNCIO,/MeCN at v =
200 mV s~} (@) (first cycle — solid line, seventh cycle — broken line) and background curve (b).

a gradual decrease in the intensity of the band at
1600 cm™! and then (when 2F is passed) its disappear-
ance (Fig. 6). In this case, peaks Ic, Ia, and Illc also
disappear completely in the cyclic voltammograms, and
a new oxidation peak, [Va, appears. This indicates that
the Cul complex is stable in the time-scale of cyclic
voltamperometry and is chemically unstable in the time-
scale of electrolysis.

As in the ER of Cul! acetylacetonate,? a chemical
reaction that accompanies electron transfer is the substi-
tution of the anion ligand MAA™ for MeCN, which
produces the neutral (MAA)Cul(MeCN), complex,
which oxidizes at the potential of peak IIla. In addition,
Cu! complexes easily undergo disproportionation? into
Cull derivatives and Cu® (an amalgam should form on
the Hg electrode). In this case, in spite of the fact that
only a one-electron peak I observed in the voltam-
mogram, the overall ER should be considered to be a
two-electron process. According to the data from
elemental analysis, after electrolysis the Cu concent-
ration in the solution drops to practically zero
(622.75 pg mL™! in the initial solution and
1.8 ug mL™! after electrolysis), which is in favor of the
formation of a Cu amalgam during ER of (MAA),Cu.

It is of interest to note that although no visible redox
processes are observed during electrolysis at —2.0 V, a
poorly soluble yellow-green product with a low molecu-

lar weight and a low degree of polymerization is formed
(Table 2). The metal content in this metallopolymer is
close to the value estimated for Cu polvmethacryloyl-
acetonate (PMACu), and bands due to M—O stretching
(450—600 cm™!) and chelate ring vibrations
(1350—1570 cm™!),3 respectively, remain in the IR spec-
tra. Keeping in mind the chemical instability of
(MAA),Cu during ER, one can assume that the electro-
polymerization occurs owing to the ER of the MAA™
anions, producing dianions active in chain reactions
with the initial complexes.

The unusual shape of the ER peak at —2.9 V (II) and
the fact that its height increases proportionally to v
point to its adsorption character, and the product of this
stage of ER of (MAA),Cu blocks the electrode surface
completely. This follows from the absence of redox
signals in the anodic region of the voltammogram and
under further potential cycling. Comparing the redox
properties of (MAA),Cu and MAA one can draw the
conclusion that in this potential region the reduction of
the coordinated methacryloylacetonate occurs with par-
ticipation of the chelate ring functional groups, which
results in the decomposition of the metallocomplex (see
above).

Thus, the experimental data confirms that it is pos-
sible to prepare Felll and Cull polymethacryloylaceto-
nates by means of electrochemical polymerization. The
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Fig. 6. Visible spectra of (MAA),Cu (1073 mol L) before
(1) and after passage of 2F (2); / = 1 cm.

structures of the polymers obtained by electrochemical
and conventional radical polymerization are alike. Con-
trary to the previous assumption? on the nature of the
low efficiency of the radical polymerization of Felll and
Cu!! methacryloylacetonates, virtually no electron transfer
occurs from the ligand to the metal, which was shown in
the studies of the redox properties and the mechanism of
the electrochemical polymerization of MAA and its
Felll and Cu!! complexes. The results obtained seem to
support the assumption that the metallocomplexes in-
teract with the initiator (azobisisobutyronitrile3), which
results in reduction of the metal ion and rapid chain
termination.

Experimental

The synthesis and physicochemical properties of (MAA),Cu
and (MAA)3;Fe have been reported earlier.?

Acetonitrile was refluxed over KMnO, (1 g L™!) to remove
unsaturated compounds and distilled, then distilled three times
from P,05 (1 g L™1) and once again from K,CO; to remove
water. All procedures were carried out in an atmosphere
of dry Ar.}4

Cyclic voltammograms were obtained using a PAR 370-8
(USA) electrochemical system. A SMED-1 (Czechoslovakia)
stationary mercury dropping electrode was used as the working
electrode and the counter-electrode was a 1 cm? platinum
disk. A PI-50-1 potentiostat equipped with a PR-8 program
controller was used for preparative electrolysis.

The reference electrode (Ag/AgCl/4 mol L™! aqueous LiCl)
was separated from the solution by a bridge with a background
electrolyte and was calibrated relative to the potential of the
redox transition [(C4Hs),Cr]¥*(E° = ~0.68 V, saturated
calomel electrode). All of the mentioned potentials were meas-
ured relative to the reference saturated calomel electrode. The
procedure of the electrochemical experiments has been re-
ported in more detail earlier.13

Methacryloylacetone and Felll and Cull methacryloylaceto-
nates were polymerized in 0.05 mol L™! BuyNCIO;/MeCN
on a Hg cathode by potentiostatic techniques using a cell with
divided cathodic and anodic compartments.

The degree of polymerization of the polymethacryloyl-
acetonates was estimated by an indirect method,3 consisting of
estimating the degree of polymerization of the polymethacryloyl-
acetone obtained after the removal of metal ions from the
metallopolymer. The molecular-weight distribution of the poly-
mer formed was determined by gel-permeation chromatogra-
phy on a Waters-200 instrument. The solvent (THF) was
passed at a rate of 1 mL min™! through a bar column with
exclusion limits 3+10° — 3-103 E (Set B) at 298 K. The
calibration curve was obtained using monodisperse polystyrene
standards (Waters).

The metal content in the samples was determined by
atomic adsorption using an ASS-3 spectrometer.

IR spectra of samples as pellets with KBr were measured in
the region 400—4000 cm™! using a UR-20 spectrometer. Ab-
sorption spectra of solutions were recorded on a Specord M-40
spectrophotometer.

Massbauer spectra were obtained using a constant accelera-
tion spectrometer coupled to a multi-scanning multichannel
SMSA-4 (Wissel) analyzer. The spectrometer was calibrated
with a 57Co-in-Cr source and the six-line spectum of a
metallic iron foil (20 mm) adsorber. The value of hyperfine
splitting was assumed to be 330 kGs. The spectra were ob-
tained at room temperature, and were treated by using the
least-squares method to fit the experimental data to a doublet
of Lorenz lines.!
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