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Some features of electrochemically initiated copolymerization 
of acrylic acid and aerylamide 
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Some featmes of the electrocopolymerization of acrylic acid and acrylamide in aqueous 
ammonium persulfate have been studied. UV spectroscopic and polarographic data attest to 
the i ntermolecular interaction of acrylic acid with acrylamide with the formation of 3:1, 3:2, 
and 1:1 complexes; the former complex is the strongest. Electrochemical initiation of 
polymerization of monomers whose g)l/2 differ by -0.3 V can result in a copolymer. The 
composition of the cathode polymeric coating has been determined by IR-spectroscopy and 
elemental analysis data. The molar ratios of acrylic acid to acrylamide in this coating and in 
the complex of the monomers are identical. The role of these complexes as elementary units 
in copolymerization is noted. 

Key words: acrylic acid, acrylamide, intermolecular interaction, copolymerization, electro- 
chemical initiation. 

I11 the electrochemical initiation of  polymerization 
(ECIP)  of  monomers ,  the electrode reactions can be 
complicated by preceding and subsequent chemical trans- 
formations, whose contributions are determined by the 
reactivity o f  the original compounds  and the intermedi- 
ate products. This must be taken into account  when a 
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Fig. 1. Differential oscillographic polarograms of acrylic acid 
(M): 8.3.10 -4 (1); 4.16- 10 -4 (2); 2.08.10 -4 (3) and acrylamide 
(M): 2.53- 10 .4 (4); 1.69.10 -4 (5); 0.84.10 -4 (6) (background 
is 0.1 N LiCIO4). 

mixture of  monomers  undergoes ECIP  in which both 
copolymers and a mixture of  homopolymers  can be 
formed. In the majority of  cases, the possibility of  
copolymerization of  monomers  is qualitatively estimated 
by the difference in q~I/2 of  the polarographic reduction 
waves of  compounds  tested under  strictly identical con- 
ditions. For copolymerizing monomers  the value Aqh/2 
usually does not exceed 0.2 V (see Ref. 1), however, in 
some case monomers  with A(Pl/2 > 0.2 V are able to 
copolymerize. ECIP  of  acrylic acid (AC) with acrylamide 
(AA) in an aqueous solution of  ammonium persulfate 
(APS) can serve as an example. This results in the 
format ion of  polymer  coatings on cathodes.  2 The 
physicochemical properties of  these coatings (transpar- 
ency; high degree of  hardness, electrical resistance, melt-  
ing and decomposit ion temperatures; insolubility in wa- 
ter and organic solvents), which do not change for 
several years, differ from those of  homopotymers  of  AC 
and AA. This allows one to draw the conclusion that AC 
and AA form a copolymer  product during ECIP ,  a!- 
though the Aq~l/2 value of  the original monomers  is 
~0.3 V (Fig. 1). In this work we attempted to elucidate 
the features of  electrochemical eopolymerization o f  AC 
and AA. 

Experimental 

Pure grade acrylamide (Reanal) was recrystallized from a 
benzene--ethanol mixture. 3 Acrylic acid was purified from the 
inhibitor and the admixture of polymer by vacuum distillation. 
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A P-5848 potentiostat and a 25-mL glass two-chamber cell 
were used for potentiodynamic, and potentio- and galvanostatic 
measurements with a 1X18H9T stainless steel cathode and a 
platinum anode. 

Polarographic analysis was performed with a PO-5122(03) 
oscillographic polarograph in the differential regime of detec- 
tion in aqueous solutions degassed by argon against a back- 
ground of 0.1 N LiC104. A dropping cathode with m2/3t 1/6 = 
5.1 �9 10 -6 kg was used, a saturated calomel electrode served as 
the reference electrode. The velocity of the change in the 
polarizing voltage was 3.8 V s - j ,  the current range was 
0.02 mA, delay was 0.15 s. Model mixtures of monomers were 
prepared directly before polarographic measurements. For 
polarographic analysis of ECIP, aliquots of catholyte (0.1 mL) 
were withdrawn at specific time intervals. IR spectra were 
obtained on a Perkin--Elmer-577 spectrometer in thin films of 
the polymer or in a pellet with KBr. 

UV spectra were recorded on a Perkin--Elmer 555 
spectrophotometer. 

R e s u l t s  a n d  D i s c u s s i o n  

A compar i son  of  the  UV spectra  of  a mixture of  
m o n o m e r s  with those  of  the  individual  compounds  
(Fig. 2) reveals some deviat ion of  the  exper imenta l  val- 
ues of  opt ical  densi ty  and the ext inct ion coefficient from 
those ca lcu la ted  with assumpt ion that  the  components  
do not  interact .  This deviat ion,  which reaches 9 - - 1 1 %  
in t he  r e g i o n  o f  t he  m a x i m u m  for the  mix tu re  
A C : A A = I : t ,  is possible i f  in te rmolccula r  in teract ion 
occurs be tween the compounds  studied. This conclusion 
is suppor ted  by polarographic  studies. For  individual  AC 
and AA, the  height  of  the  peaks of  their  differential 
polarograms is p ropor t iona l  to the concentra t ion  of  these 
compounds  in the  solut ion (see Fig. 1). However,  this 
regulari ty is v iola ted when both AC and AA are present  
in the  solut ion (Fig. 3). For  example ,  when AA is 
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Fig. 2. UV spectra of acrylic acid (I), acrylamide (2), and 
their mixtures in molar ratios 3:1 (3) and 1:1 (4) (concentra- 
tion of monomers is 8.3.10 -3 M, I = 0.01 cm). 
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Fig. 3. Differential oscillographic polarograms of the mixture 
of acrylic acid and acrylamide at concentrations (M), respec- 
tively: 8.3.10 -4 and 0.56.10 -4 (1), 1.68.10 -4 (2); 2.8.10 -4 
(3); 4.2.10 -4 (4) (background is 0.1 N LiC104). 

added to the solution of  AC,  some decrease in the height 
of  the differential  peak of  AC is observed. This p h e n o m -  
enon cannot  be explained only by the high surface 
activity of  AA,  1 because,  first, increasing the AA con-  
centrat ion in the  AC and AA model  system shifts the 
potent ial  of  the  peak of  the AC wave a lit t le to more 
negative values. Second,  addi t ion o f  AC,  which does not 
possess enhanced sorpt ion ability, to the  AA solution 
causes a decrease in the height of  the  peak on the 
differential polarogram of  AA (see Fig. 3) and com-  
pletely suppresses it at the molar  ratio of  AC and AA 
equal to 3:1 (Fig. 4, curve 1). It should be ment ioned  
that  the  concentra t ion  boundary  of  suppression of  the  
polarographic  wave of  AA is very sensitive to the molar  
ratio of  the original monomers .  Even an insignificant 
excess in the AA concentra t ion  over the  indica ted  ratio 
[AC]:[AA] = 3:1 leads to the appearance  of  a dist inct  
differential wave of  AA (see Fig. 3, curve 3; [AC]:[AA] = 
3:1.01). On the other  hand,  di lut ion of  the  m o n o m e r  
mixture [AC]:[AA] = 3:1 is accompanied  by the appear-  
ance of  the polarographie  peak of  free AA, whose height 
increases with di lut ion (see Fig. 4). These  data  allow us 
to draw the conclusion that  acrylic monomers  form a 
complex containing a threefold excess of  AC relative to 
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Fig. 4. Differential oscillographic polarograms" of a mixture of 
acrylic acid and acrylamide (8.3:10 -4 and 2.76.10 -4 M (1)) 
on twofold (2) and fourfold (3) dilution (background 0.1 N 
LiCIO4). 
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Fig. 5. Dependence of the height of the peak of acrylamide on 
the differential polarogram on the ratio [AC]:[AAI; [AC] = 
8.3.10 -3 M. 

AA in an aqueous solution. The reduction potential of  
the complex is similar to that of  AC. 

The decrese in the diffusional current (id), which 
corresponds to the peak on the differential polarogram 
of AC, as the AA concentrat ion in the solution in- 
creases, also favors A C - - A A  complex formation. This 
indicates that the diffusional coefficient (D) of  AC bound 
in the complex decreases. At [AC]:[AA] = 3:1, the 
height of  the AC wave is -77 % of that in the absence of  
AA. Using the ll 'kovich equation, in which i d ~ k D  1/2, 
where k is a proportionality constant, we obtain Ol/2comp 1 

0.77Dd2AO Taking into account  the known value DAC 
5-10 -6 cm.s  - I ,  we calculate Dcomp I ~ (0.77)2DAc ~. 

3.10 -6 cm s -1. 
Complex formation is also confirmed by the concen-  

tration dependence of  the AA peak height on the differ- 
ential polarogram ill the solution at a steady-state con- 
centration of  AC. As follows from the data in Fig. 5, the 
height of  the polarographic peak of  free AA sharply 
increases when the ratio of  [AC] to [AA 1 changes from 
3:1 to 3:2 and 1:1. This stepwise pattern of  the curve can 
attest to the existence o f  several stages of  dissociation of  
the complex: 

[ 3 A C . A A ]  - . "  3 A C + A A ,  (1) 

calculated the values of  the dissociation constants of  
tentative complexes* K[3AC.AA] = 2- 10 -~5 tool 3 �9 L -3, 
K[3AC.2AA] ---- 0.8. 10 -3 M, K[3AC. 3AA] ----- 0.72.10 -2 M. 
A comparison of  the dissociation constants does not 
allow us to conclude clearly which of  the complexes is 
most stable. However, the data in Fig. 3 (curve 3) and 
Fig. 4 (curve 1) indicate that the [3AC.AA] complex 
is the most stable. This was confirmed by polarogra- 
phic monitoring of  the course of  E C I P  and by a 
physicochemical analysis of  the polymeric film synthe- 
sized. 

Since qh/2 of  AC and (91/2 of  the complex are similar 
and occur at less negative potentials than %/2 of  AA, it 
is most probable that these are the species that partici- 
pate mos t  in the  po lymer iza t ion .  Actual ly ,  the 
polarography of  monomer  solutions subjected to ECIP  
shows that the height of  the peak of  free AA is almost 
unchanged, but that of  the peak with qh/2 in the range of  
the reduction of  AC and the complex compound  de- 
creases. However, despite the observed constancy of  the 
concen t r a t ion  of  free AA in the  solut ion during 
electropolymerization, the polymer formed during ECIP  
contains not only AC, but AA as well. This follows from 

[ 3 A C ' 2 A A ]  _ - [ 3 A C . A A I  + A A ,  (2) 

[ 3 A C . 3 A A ]  _ - [ 3 A C . 2 A A ]  + A A ,  (3) 

Using Eqs. (1)--(3),  taking the results presented in 
Figs. 4 and 5 into consideration, and estimating the 
concentrat ion of  free AA from the height of  the corre- 
sponding peak on the differential polarogram and the 
data of  the calibration curve obtained for pure AA, we 

* The dissociation constant for the [3AC.AA] complex was 
determined starting from the model mixture [AC]:[AA] = 3:1. 
The differential polarogram of this mixture does not display 
the reduction peak of AA. Account is made for dilution of this 
mixture down to the concentration at which the peak of free 
AA appears and increases with dilution. The constants for the 
other complexes were calculated taking into account the change 
in the height of the reduction peak of free AA as a function of 
its content in the solution relative to AC. 
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Fig. 6. IR spectra of polymers obtained from AC and AA (a) 
and AC, AA, and F (b). 

between the number of AC and AA molecules in the 
copolymer from the formula: 

MMAA + x. 1VIM, - 0.5MMH2 o 
N = , (4) 

1 - E -  MMAe 

where MMAc, MMAA, MMF, and MMH2 o are the 
molecular weights of AC, AA, F, and water, respec- 
tively; x is the number of F molecules in an elementary 
unit of the copolymer; E is the exchange capacity of  the 
polymer. 

The calculations show that N = 3 at x = 0.75. The 
value x < 1 suggests either incomplete  hydroxy- 
methylation of the amide groups in the copolymer, 
which is unlikely due to the excess of formaldehyde, or 
that cross-linking occurs simultaneously according to 
two mechanisms: 

1) by polycondensation of preliminarily hydroxy- 
methylated amide groups 7 

n[--RCONH2] + nCH20 ) [--RCONHCH2OH]n (5) 

the adsorption band in the 1540--1560 cm - t  range ob- 
served in the IR spectra of the polymeric film. This band 
is characteristic of  secondary amides and is due to the 
deformation oscillations of the NH-group (Fig. 6, a). 
This is important when a complex compound containing 
both of the original monomers is consumed in the 
formation of the polymeric film. Elemental analysis 
shows that the nitrogen content in the copolymer film is 
~5 %, which corresponds to a threefold excess of AC 
over AA. This suggests that the copolymerization is 
preceded by the formation of the [3AC.AA] complex in 
the solution, which then takes part in propagation of the 
polymeric chain. The existence of complexes of other 
compositions is also possible, but their fraction in ECIP 
is insignificant due to their high instability constants. 

Complex formation also decisively affects the com- 
position of the polymers formed during ECIP of more 
complicated monomer  compositions containing compo- 
nents in addition to AA and AC that participate in film 
formation. In particular, the formation of complexes 
manifests itself during ECIP of the AA--AC--formalde-  
hyde (F)--APS mixture. Since the coating formed on 
the cathode surface is a cross-linked copolymer contain- 
ing ionogenic groups, the composition of the copolymer 
AC- -AA--F  can be established by the determination of 
its exchange capacity with respect to carboxyl groups, 5 
which was found to be 10 mg-eq g - I  Since formalde- 
hyde interacts only with AA (see Ref. 6), but not with 
AC, it becomes obvious that the molar ratio (X) of AA 
to F in the copolymer must be equal to or greater than 
one. Then, taking into account that cross-linking is 
accompanied by polycondensation with detachment of 
one molecule of  water from each of the two elementary 
units of the copolymer, 7 one can determine the ratio (N) 

---RCONHCH; ] 
2[--RCONHCH2OH]n ~ + nH20 (6) 

--RCONHCH2 J n 

2) by direct interaction between F and AA (Ref. 6) 

n[--RCONH2] + nCH20 + n[--RCONH2] 

r- oo , l 
- /  ,~ 

L--RCONH J n 

(7) 

The existefice of such cross-links is confirmed by 
IR-spectroscopic data: a series of bands in the 1035, 
1330, and 1440 cm - l  range corresponds to oscillations of 
the OH group of primary alcohols; the band in the 
1540--1560 cm -~ range corresponds to oscillations of 
the N H  group of monosubstituted primary amides; the 
band in the 1130 cm -1 range corresponds to oscillations 
of the group - - C H 2 - - O - - C H  2 -  in ethers (see Fig. 6, b). 

In the f rs t  case (Eq. (5)) one molecule of formalde- 
hyde interacts with one AA molecule, and in the second 
case (Eq. (7)), it interacts with two AA molecules. Then, 
assuming equal probability of  both of the cross-linking 
processes, the molar ratio between AA and F must be 
1:0.75. This assumption is confirmed by the composi- 
t ion of the e lementary  unit  of  the copolymer  
[3AC--AA--0.75F] found from experimental estimates 
of the exchange capacity. The ratio of molar concentra- 
tions of AC and AA in the copolymer equals 3:1 as 
before, which also indicates that the [3AC.AA] complex 
takes part in ECIP. 
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As is known, during the cooperative cathode dis- 
charge of two substances that produce a chemical com- 
pound with a gain of Gibbs energy AG, the equilibrium 
potential of the component that is reduced at more 
negative potentials shifts to the anode region by the 
value Aq~ = AG/nF,  approaching the equilibrium poten- 
tial of the second substance. 8 Apparently, a similar 
effect takes place in the case considered, resulting in the 
electrochemical synthesis of copolymers from the mix- 
ture of monomers AC and AA, whose reduction potentials 
differ considerably from one another. Owing to this 
effect and complex formation between AC and AA, their 
electroeopolymerization occurs more easily than the 
competing homopoIymerization of AA. 
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