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ABSTRACT: Acrylic acid and acrylamide were polymer-
ized by a peroxydisulfate-suberic acid redox system under a
nitrogen atmosphere both in the presence and in the absence
of ultrasound (at constant frequency). The rate of polymer-
ization was determined for different concentrations of
monomer, initiator, and activator and for different percent-
ages of ultrasonic intensity. The polymers were character-

ized by X-ray diffraction and '"H-NMR spectroscopy. A
probable mechanism is proposed to explain the experimen-
tal results obtained. © 2003 Wiley Periodicals, Inc. ] Appl Polym
Sci 89: 3685-3692, 2003
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INTRODUCTION

Ultrasounds are compressional waves in the air that
have frequencies higher than 20,000 Hz. High-energy
ultrasound (US) is used in many ways, such as to kill
bacteria in liquid, for welding, drilling, melting, and
soldering; and as an accelerator for chemical reac-
tions.! It is well known that US induces mechanical,
thermal, and oxidative effects on materials in the lig-
uid because of the cavitation process.”” The ultrasonic
effect has also been applied to the polymerization of
vinyl monomers and the degradation of polymer ma-
terials.* For the polymerization of vinyl monomers, US
directly initiates polymerization, even in the absence
of initiators.>® It was found that when a polymer
solution was irradiated by US, the degree of polymer-
ization was reduced because of various ultrasonic fac-
tors such as ultrasonic intensity and frequency, the
nature of the solvent, and the irradiation temperature
and pressure.”® A study of ultrasonic degradation on
polymer solutions was carried out by Paladhi et al.”
Price and coworkers'® used US to investigate the deg-
radation behavior of poly(acrylic acid) (PAA) in various
solvents. They reported that the extent of polymer deg-
radation depends on the cavitational behavior of the
solvent used. The rate of decomposition of peroxydisul-
fate (PDS) in the presence and in the absence of US at
ambient temperature was reported by Price et al.'* Re-
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cently, many researchers have reported the effect of US
on the radical polymerization of various vinyl mono-
mers. US was shown to be a useful tool for initiating the
radical emulsion polymerization of methyl methacrylate
(MMA) at low temperature.'” In 1992 Stoffer and co-
workers' reported the ultrasonically initiated free-radi-
cal-catalyzed polymerization of acrylamide. US-initiated
free-radical copolymerization of styrene and maleic an-
hydride also has been reported.'* Recently US was used
as an initiator for the polymerization of methacrylamide
and acrylamide'”'® in the presence of peroxosalts as a
chemical initiator. Vivekanandam et al."” reported about
PDS-initiated cyclopolymerization of diallylamine in the
presence of US, for which they determined the rate pa-
rameters. US also has been used as an initiator for graft
copolymerization of methyl methacrylate onto regener-
ated cellulose film in the presence of ceric salt.*’

Most of the effects of ultrasonic irradiation on poly-
mer degradation and synthesis described above have
been generally attributed to the cavitation phenome-
non, both in the presence and in the absence of an
initiator. The use of US in polymer synthesis alters not
only the kinetic parameters but also the properties of
the polymers. In the same vein, this article takes up for
the first time the kinetics of US-initiated polymeriza-
tion and an analysis of polymer such as crystallinity
and NMR spectroscopy.

EXPERIMENTAL

Materials

Acrylic acid (AA; SRL AR, India) was used after dis-
tillation under vacuum. Acrylamide (AcA; CDH AR)
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was recrystallized from alcohol prior to polymeriza-
tion. Peroxydisulfate (PDS; CDH AR, India), suberic
acid (SA; CDH AR, India), and acetone (Ranbaxy AR)
were used without further purification.

Procedure

Definite volumes of aqueous solutions of monomer
(AA or AcA) and activator (SA) were placed in a
specially designed polymerization vessel that con-
tained one water inlet and one outlet and were deaer-
ated for 15 min by passing pure nitrogen gas through
the nozzle. Polymerization was initiated by the addi-
tion of a calculated volume of PDS with simultaneous
ultrasonic irradiation at a constant frequency of 40
MHz with 50% intensity. The overheating and in-
crease in pressure during ultrasonic irradiation were
reduced by carrying out the reaction at a normal ul-
trasonic intensity value (50%). Because of the exother-
mic nature of the cavitation process of ultrasonic irra-
diation, US liberates heat energy; so the reaction tem-
perature was maintained at 32°C by circulating ice-
cold water during the ultrasonic irradiation. The
polymer thus formed (PAA) was filtered through a
previously weighed (W,;) G4 sintered crucible. The
crucible was dried to a constant weight (W,) and
weighed. The difference between W, and W, was the
weight of the polymer formed. For AcA the polymer
solution was treated with acetone to precipitate the
polymer and then filtered. The rate of polymerization
was estimated using the gravimetric method.

(W)

R, = V.t.M.

X 1000

where W, — W, is the weight of the polymer formed,
V is the total reactant volume, f is the reaction time,
and M is the molecular weight of the monomer used.

Ultrasonic vibrator

US was produced from the ultrasonic vibrator probe
of the surface area, 22.5 X 10~ 2 cm?, at a frequency of
50 MHz. All the experiments except the one for ultra-
sonic intensity variation were carried out at 50% ul-
trasonic intensity. The top right corner of the instru-
ment contained an semicircular-shaped intensity vari-
ation part that showing the intensity from 0 to 100.
The intensity could be adjusted by turning the knob to
move the arrow marker. Generally the knob was fixed
at a 50% intensity. By adjusting the knob, the required
amount of intensity could be obtained at the same
frequency. Before and after the polymerization pro-
cess, the ultrasonic probe was washed by passing the
US in water for 10 min.
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X-ray diffraction analysis

X-ray diffraction (XRD) was recorded for the samples
prepared in the presence and in the absence of US by
using a STOESTADI/P instrument in the transmission
mode (20 = 5°-40°) using a precalibrated detector.
The XRD patterns were taken with monochromatized
Cu kal, (A = 1.54056 A") radiation.

"H-(Decoupled) NMR spectroscopy

The proton NMR spectroscopy was recorded for both
PAA and PAcA synthesized in the presence and in the
absence of US by using a Bruker Ac-F 200 FT-NMR
spectrometer instrument in CDCl,.

Molecular weight

The molecular weights of PAA and PAcA were deter-
mined from viscosity measurement of the polymer in
aqueous solutions of 1,4-dioxane (1.0M) and sodium
nitrate (1.0M), respectively, at 32°C by using the fol-
lowing equations:

[n]=76.0 X107 [Mw]*®and

[n] =3.73 X 10~* [Mw ]

RESULTS AND DISCUSSION
Effect of [AA] or [AcA] on Rp

AA was varied between 0.275 and 0.608 mol/L while
keeping other experimental conditions constant. It
was observed that the R, increased with an increase in
[AA]. To find out the order dependence, plots were
done of log [AA] versus log R, [in the presence of US
Fig. 1(a)] and log [AA] versus log R, in the absence of
US [Fig. 1(b)]. The plots showed the first-order depen-
dence of [AA] on R, both in the presence and in the
absence of US. The first-order dependence of [AA] on
R, was further confirmed from the plots of [AA] ver-
sus R, in the presence of US [Fig. 1(c)] and [AA] versus
R, in the absence of US [Fig. 1(d)]. The plots were
found to be linear and to pass through the origin.
AcA concentration was varied between 0.275 and
0.608 mol/L while keeping other experimental condi-
tions as constant. It was found that R, increased with
increase in [AcA] both in the presence and in the
absence of US. But in the presence of US the R, was
found to be higher than in its absence. This may have
occurred for the following reasons: (1) the auto accel-
eration effect and cavitation process as a result of US;
(2) thermal activation from the collapse of micro-
bubbles'?; (3) production of OH radicals from water
solvent by US irradiation; (4) in an aqueous medium
the US very quickly decomposing the PDS and SA to
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Figure 1 Effect of [AA] on R, ([PDS] = 10.0 X 10~* mol/L,
[SA] = 512 X 107* mol/L, temperature = 32°C, time
=900 s, US frequency = 50 MHz, US intensity = 50%).

SO;~ and SA*7; (5) US producing a vigorous stirring
effect, leading to a possible combination of the mono-
mer radicals; and (6) during the process US generating
high pressure that enhanced the forward (polymer
formation) reaction rather than the backward reaction
(dissociated to monomer radicals).

AA had a higher R, value than AcA, both in the
presence and in the absence of US. The lesser activity
of AcA can be ascribed to the steric repulsion caused
by the bulky amide group present on the double-
bond-containing carbon atom. When [AA] or [AcA]
was increased, the R, was also found to increase, even
in the absence of US. Possible explanations for this are:
(1) an increasing number of monomer radicals; (2) an
increase in viscosity of the medium, that is, the gel
effect resulting from the solubility of some dimers and
trimers in the reaction medium; and (3) autoaccelera-
tion or surface effect because of the formed PAA or
PACA.

To find out the order dependence, the following
plots were made: log [AcA] versus log R, in the pres-
ence of US [Fig. 2(a)] and log [AcA] versus log R, in
the absence of US [Fig. 2(b)]. The slope of these plots
indicated the 1.5 and 2.0 order dependence of AcA on
R, (both in the presence and in the absence of US). In
the absence of US, higher-order dependence was no-
ticed.
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Effect of [PDS] on Rp

The effect of PDS on R, for the AA system was studied
by varying the concentration of PDS between 2.50
X 107* and 17.5 X 10~* mol/L while keeping other
experimental conditions constant. Very interesting to
note was that the R, increased with an increase in PDS
both in the presence and in the absence of US. This
may be a result of the formation of a large number of
free radicals from PDS, which is responsible for the
initiation of the polymerization process."

But the R, was found to be higher in the presence of
US (even in lower concentrations of PDS) than in its
absence. The reason for the increase in R, in the pres-
ence of US was explained earlier in the discussion on
monomer variation. Another important factor for the
increased was that US reduced the formation of side
products from the radicals of PDS through simulta-
neous formation of OH radicals from water solvent,
making possible direct interaction between the initia-
tor radicals and monomer units.

To find out the order dependence, plots were drawn
of log [PDS] versus log R, in the presence of US [Fig.
3(a)] and log [PDS] versus log R, in the absence of US
[Fig. 3(b)]. The linear plots gave a slope value of 1,
indicating the first-order dependence of [PDS] on R,
both in the presence and in the absence of US. This can
be further confirmed by plotting [PDS] versus R, in
the presence of US [Fig. 3(c)] and [PDS] versus R, in
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Figure 2 Effect of [AcA]on R, ([PDS] = 10.0 X 10~* mol/L,
[SA] = 512 X 10" * mol/L, temperature = 32°C, time
=900 s, US frequency = 50 MHz, US intensity = 50%).
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the absence of US [Fig. 3(d)]. The plots were found to
be linear with a definite intercept value.

Similar plots were made for the AcA system. Here
we also observed that the R, increased with an in-
crease in [PDS] both in the presence and in the absence
of US. In the presence of US a higher R, value was
noted. [PDS] showed first-order dependence on R,
both in the presence and in the absence of US. The
plots of log [PDS] versus log R, in the presence of US,
log [PDS] versus log R, in the absence of US [Fig. 4(b)],
[PDS] versus R, [Fig. 4(c)], and [PDS] versus R, [Fig.
4(d)] were made, and the plots were found to be linear.

The AA system showed a higher R, value than did
the AcA system both in the presence and in the ab-
sence of US. This may be because of the rapid nature
of the polymerization of AA.

Effect of [SA] on R,,

SA concentration was varied in a range from 1.25
X 107* to 8.75 X 10~* mol/L while keeping other
experimental conditions constant for the AA system.
R, was increased with an increase in [SA] both in the
presence and in the absence of US. This can be attrib-
uted to the formation of a large number of radicals of
SA. But in the presence of US the R, was found to be
slightly higher than in its absence. The reasons for this
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Flgure 3 Effect of [PDS] on R, ([AA] = 0.42 mol/L, [SA]
=512 X 10"* mol/L, % ultrasomc intensity = 50%, ultra-
sonic frequency = 50 MHz, temperature = 32°C, time
=900 s).
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Figure 4 Effect of [PDS] on R, ([AcA] = 0.42 mol/L, [SA]
=512 X 10 * mol/L, % ultrasomc intensity = 50%, ultra-
sonic frequency = 50 MHz, temperature = 32°C, time
=900 s).

may be: (1) the US-accelerated formation of radicals of
SA, and (2) the formation of diradicals from both
carboxyl groups of SA.

The order dependence of SA was also determined.
Plots were made of log [SA] versus log R, in the
presence of US [Fig. 5(a)] and log [SA] versus log R, in
the absence of US [Fig. 5(b)]. The slope of the plots
indicated 0.5 order dependence of [SA] on R, both in
the presence and in the absence of US. As usual, in the
presence of US the R, was found to be higher than in
its absence. This may be a result of the rapid formation
of radicals of SA. The 0.5 order dependence was fur-
ther confirmed by plotting [SA]'/? versus R, in the
presence of US [Fig. 5(c)] and [SA]'/? versus R in the
absence of US [Fig. 5(d)], and the plots were found to
be linear with definite intercept values.

Similar plots were made for the AcA system (Fig. 6).
Here, also, we found the same order (0.5) dependence
on R,. The R, of the AA system was somewhat higher
that that of the AcA system, both in the presence and
in the absence of US. The lower value of R, for both in
the presence and in the absence of US indicated that
AcA was the dullest monomer.

Effect of percentage of ultrasonic intensity on R,

The effect of percentage of ultrasonic intensity on R,
for the AA system was studied by varying the inten-
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Figure 5 Effect of [SA] on R, ([AA] = 0.42 mol/L , [PDS]

= 10.0 X 10 * mol/L, % ultrasomc intensity = 50%, ultra-
sonic frequency = 50 MHz, temperature = 32°C, time
=900 s).

sity from 25% to 90% while keeping other experimen-
tal conditions constant. It was very interesting to note
that the R, was increased while increasing the ultra-
sonic intensity. This may be for the following reasons:
(1) while ultrasonic intensity was increased, the tem-
perature and pressure produced also were increased;
(2) the cavitational process was increased'’; (3) the
stirring effect gradually was increased; and (4) the
activation of radical formation was increased through
the decomposition of PDS, SA, and water solvent.

To find out the order dependence for the AA sys-
tem, the plot of log(% intensity) versus log R, [Fig.
7(a)] was made. The plot was found to be linear and
the slope value indicated 0.5 order dependence. The
half-order dependence on R, was further confirmed
by plotting (% intensity)'/? versus R, [Fig. 7(b)].

Similar plots also were made for the AcA system-
(Fig. 8). The plot of log(% intensity) versus log R, [Fig.
8(a)] was made, and the slope value was found to be
1. The first-order dependence was further confirmed
by plotting (% intensity) versus R, [Fig. 8(b)], which
was found to be linear.

Now the AA and AcA systems will be critically
compared. At a lower percentage of ultrasonic inten-
sity the AcA showed a high R, value. The percentage
of ultrasonic intensity variation of the AA system
showed half-order dependence on Rp, whereas the
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Figure 6 Effect of [SA] on R, ([AcA] = 0.42 mol/L, [PDS]
=10.0 X 10"* mol/L, % ultrasonic intensity = 50%, ultrasonic
frequency = 50 MHz, temperature = 32°C, time = 900 s).
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AcA system showed first-order dependence. This in-
dicates that AcA was a duller monomer than AA and
became active only in the presence of US as a cocata-
lyst. The dullest activity of AcA was a result of the
presence of a bulky amide group on the double-bond-
containing carbon atom.

Molecular weight

It was found that the viscosity average molecular
weight was lower in the presence of US that in its
absence for both the AA and AcA systems. This may
be a result of the ultrasonic degradation of the poly-
mer chains formed. Ultrasonic degradation was found
to be much higher for the AA system than for the AcA
system (Tables I and II). This can be ascribed to the fast
chain-growing nature of the AA system, in which
chain growth and chain degradation were competi-
tive. For AcA, this produced a disproportionate num-
ber of polymer radicals that activated the chain
growth. Now US acted as a cocatalyst and increased
the molecular weight with slight ultrasonic degrada-
tion.

The viscosity average molecular weight was deter-
mined for polymers obtained with different ultrasonic
intensities. The results indicated that molecular
weight increased with an increase in the percentage of
ultrasonic intensity to a maximum limit (50%), beyond

ANBARASAN ET AL.

TABLE 1
Molecular Weight

Viscosity average molecular weight

System Presence of US Absence of US
AA-PDS-SA 112,500 131,000
AcA-PDS-SA 65,400 70,100

which it reduced the molecular weight for both the
AA and AcA systems. Because of severe degradation
at higher percentages of ultrasonic intensity (90%),
molecular weight was reduced.

XRD analysis

PAA and PAcA synthesized both in the presence and
absence of US were subjected to XRD analysis (figure
not included). Improvement in crystallinity in the
presence of US was not observed because of the ab-
sence of crystalline peaks.

"H-NMR (decoupled) spectroscopy

The above-mentioned synthesized polymers were
subjected to "H-decoupled-NMR spectroscopy (figure
not included). It showed a triplet peak (polymer syn-
thesized in the presence of US) and singlet peak (poly-
mer synthesized in the absence of US). Further inves-
tigations are ongoing.

Mechanism

Polymer sonochemistry has been an active field since
Demann et al.*’"* used US for polymerization in 1930.
It is generally accepted that the cause of ultrasonic
depolymerization is cavitation or shock waves gener-
ated during ultrasonic irradiation.”> When a long-
chain polymer is sonicated, it is known that it prefer-
entially breaks at the middle, and long-chain radicals
result.”** The formation of long-chain radicals was
confirmed by Tabata and coworkers®**” during ultra-
sonic irradiation of poly(methyl methacrylate), poly-
styrene, and poly(vinyl alcohol) through ESR tech-
niques. Husceste et al.?® reported that during ultra-
sonic irradiation two types of termination processes
took place: disproportionation and combination.

TABLE 1II
Molecular Weight at Different Percentages
of US Intensity

System Ultrasonic intensity (%)  Molecular weight
AA-PDS-SA 25 105,000
90 824,000
AcA-PDS-SA 25 40,800
90 62,000
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Hunkeler and colleagues® reported that any nitrogen-
containing monomer can form a complex with the
initiator PDS.

Based on the above available literature, a probable
mechanism has been proposed with some modifica-
tions.! Here we used 50% ultrasonic intensity for poly-
mer synthesis, which led to mild ultrasonic degrada-
tion. This was shown by the molecular weight of the
polymer formed. But at higher ultrasonic intensity the
degradation was found to be higher with an increase
in R,. These two facts help to show that at lower
ultrasonic intensity the recombination process is en-
couraged, whereas at higher ultrasonic intensity the
disproportionation process is favored. The mechanism
is as follows:

Initiation
PDS + SA + US & Complex C,
Cy — 2S04(R) + SA*(R3)

+ US* (activated state)
US* + H,O — "OH(R})
AcA + PDS & Complex C,
C, — 2SO4R) +M
AA +S0; — AA’ + Products
[AA, AcA = M]
Propagation
SO; + M — M; + Products
SA",+ M — M; + Products
‘OH + M — M; + Products
M+ M — M,

M+ M — M,

Termination

AA system leads to unimolecular termination whereas
AcA system leads to biomolecular termination

M;, + M,, — M,.,, (Polymer) (AA system)

Mn+m + Mn+m - Mn+m - Mner

(Polymer) (AcA system)

At lower ultrasonic intensity

M;, + M;, & M, ., (Polymer)
Mn+m - M(n+m)fa

Wherea =1, 2, 3... (number of segments)

At higher ultrasonic intensity

M;1 + M.m - Mn+m (POlymer)

Polymer — disproportionated polymer

radicals M, _,) + M,_,, + Products

When the percentage of ultrasonic intensity was in-
creased, the value of 2 also increased for both the AA
and AcA systems. The above mechanism explains the
experimental results obtained.

CONCLUSIONS

From the above kinetic study the following observa-
tions were made: (1) the R, was found to be higher for
the AA system than for the AcA system both in the
presence and in the absence of US; (2) the R, was
higher in the presence of US than in its absence for
both system; (3) ultrasonic vibration took place, with
the simultaneous emission of heat energy; (4) cavita-
tion accounted for the increase in R,, (in the presence of
US) for both systems; (5) in the presence of US the
molecular weight was reduced; (6) crystallinity was
not improved, even in the presence of US; (7) in the
presence of US the 'H-NMR (decoupled) spectra
showed a triplet peak, whereas in the absence of US it
showed a singlet peak in the same regions; and (8) US
was used as a cocatalyst for both systems, particularly
for the AcA system.
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