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ABSTRACT 

A series of investigations was carried out focusing on the con- 
finement of the Trommsdorf (gel) effect in radical polymerization 
of acrylic acid, AA, in its Na-form. Sodium nitrite, NaN02, 
functioning at room temperature as an inhibitor for water-soluble 
monomers, proved to be an effective mediator in polymerizations 
carried out at t = 90°C. As a result it was possible to polymerize 
AA at a high initial monomer concentration, i.e. [MIo = 40 g/dl. 
Therefore, concentrated solutions of NaPAA in water were obtain - 
able in a one-step process. 

It was found that NaN02 retards the onset of polymerization up to 
60°C at which temperature only a small degree of conversion a= 
30% was reached after 40 hours. On the other hand, without added 
NaN02 a less concentrated monomer solution, having [MIo = 10 
g/dl was polymerized to a= 96% at 60°C after 40 minutes. 

At 90°C, the polymerization of NaAA no longer appeared to be 
retarded by sodium nitrite, since in 40 g/dl solutions high degrees of 
conversion were obtainable within reasonable time periods, without 
any sign of autoacceleration. As NaN02 generates nitroxides, it 
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402 BORTEL ET AL. 

seemed reasonable to analyze the progress of the mediated 
polymerizations as an approach to “livingness”. In fact, some 
increase in mn over time of polymerization, 7, was observed, but 
generally the criteria for a “living polymerization” remained 
unfulfilled. Relatively high coefficients of polydispersity 
D = -  wv 

mn ranging between 6.50 and 9.62 were found for all the 
NaN02 mediated poly(acry1ic acid)s. A value of the same order 
resulted for the non-mediated poly(acry1ic acid). 

INTRODUCTION 

Acrylic acid, AA, appears to be one of the chief constituents of water-solu - 
ble resins. Its current yield is estimated to account for ca. 2 mln t/year. Conse- 
quently, many papers have been published on AA polymers and continue to be 
published [ I ,  2,3]. Despite extensive recent research carried out, the mechanism of 
polymerization remains not fully understood. The main obstacles may result from 
the strong tendency to form hydrogen bonds [4, 51 and from variable degrees of 
dissociation. Therefore, the tailoring of AA-polymers is difficult, especially when 
the polymerization is carried out in water, which appears to be the most desired 
solvent. 

Principally, the control over molecular weight, low polydispersity, and 
desired end groups is obtainable by ionic polymerization of suitable monomers in 
systems wholly deprived of water. Nevertheless, in recent years reports were 
published about the achievement of “livingness” even in radical polymerizations [6, 
7, 8, 9, 101. These papers refer, however, to investigations carried out in non- 
aqueous media. In one case, a solvent-mixture comprising only 25 wt% of water 
and 75 wt% of poly(ethy1ene glyco1)s was used in a mediated polymerization of 
sodium styrene sulfonate [ 131. The principle in achieving “livingness” in radical 
systems is based on a reversible deactivation of the growing radicals. Such dormant 
deactivation can be achieved by the use of stable radicals as mediators, among which 
the 2,2,6,6-tetramethyl-piperidynyloxy free radical (designated as TEMPO [ 81) 
appears to be the most often employed. 

Major disadvantages of TEMPO result from its relatively high price which 
is not tolerable in large-scale processes, and from its insolubility in water. Water - 
soluble derivatives such as 4-hydroxy-TEMPO or 4-amino-TEMPO are even more 
expensive and less stable. 
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FREE FUDICA4L POLYMERIZATION 403 

Besides an approach to “livingness”, the use of the above cited mediators in 
radical systems provide further benefits resulting from the depression of the 
Trommsdorf (gel) effect [13]. Especially in case of AA, this effect confines the 
concentrations at which a polymerization can practically be carried out, to 10+15 
wt%. Most often, however, higher polymer concentrations are desired for real 
applications. Therefore, indirect procedures were used to get concentrated aqueous 
solutions of PAA. In one instance [14] a multi-step process has been developed 
which is now exploited commercially. Five equal volumes of AA solutions (10 
wt%) are introduced successively into the reactor, whereby the attention is focused 
on not introducing the next portion until the last one has polymerized to a high 
degree of conversion. The end product is provided as a 40% aqueous solution of 
PAA in Na-form. The aim of the present work was to eliminate the Trommsdorf 
effect in AA polymerizations carried out in concentrated aqueous solutions with the 
result of substituting the multi-step procedure by a single-step process. When 
decomposing, NaNO2 generates two paramagnetic nitroxides NO and NO2. 
Therefore, it was also attempted to find out whether there could be an approach to 
“livingness”. 

EXPERIMENTAL 

Materials 
Acrylic Acid, AA (Sojuzchim, former USSR), reagent grade, was distilled 

under reduced pressure in a stream of argon and checked for purity by its refractive 
index and 1H NMR spectrum. Ammonium persulfate (APS) (Merck), analytically 
pure, was used as received. Acetone (POCh, Poland), reagent grade, was dried with 
zeolite 4A and distilled. Water was twice redistilled. Sodium nitrite (Merck), 
analytically pure, was used as received. 

Measurements and Analysis - 
Number-average molecular weight, M n  , and weight-average molecular 

weight, M~ , were determined using a GPC-chromatograph Hewlett-Packard HP- 
1090M connected to a computer equipped with diode detector registering between 
290-600 nm. Two columns 300~7.5 mm each, Polymer Laboratories, packed with 
Plaquagel-OH were used. In front of both the columns there was a third one, 50x7.5 
mm, having the same packing. The mobile phase consisted of a 0.25 M NaN03 + 
0.01 M NaH2P04 solution in water, adjusted to pH 7. Temperature 40OC, wave- 
length 210 pm, and dose loop 20 pL. For calibration standards of poly(acry1ic acid) 
(Polyscience) were used providing a 3rd order calibration curve. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
5
4
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



404 BORTEL ET AL. 

Procedure 
A 100 g weight of AA was introduced into a calibrated flask placed in an icc 

bath and neutralized to pH 7 (glass electrode) by saturated NaOl-1. Thereafter, 0.575 
g of NaN02  were added, the content of the flask diluted to 250 cm3 and flushed 
with a stream of argon. From the stock solution thus prepared, aliquots of 20 cmi 
(8 g AA) ware taken and transferred into vials which subsequently were installed in  
a thennostated bath. The filled vials were thermostated at 60°C for 30 minutes, 
whereupon (NH&S20X was added into an amount of 0.253 g, thus matching the 

molar ratio “[,lo , where n r  denotes moles of initiator (APS) and n [ M 1 o  

moles of acrylic acid, respectively. The molar ratio of NaN02 vs (NH3)-S20X 
was held constant at I .5.  The vials were sealed and warmed within 15 minutes to 
t = 90°C. From that moment on, the preset time, Z, of polymerization was 
measured. Thereafter, the vials were chilled, opened, and the contents precip-itated 
into 7-fold volumes of acetone. Each sediment was brought quantitatively onto a 
filter, washed, and finally dried to constant weight for determination of the degree of 

- -. n1 - 0.01 

RESULTS AND DISCUSSION 

Sodium nrtritc undergoes in  aqueous media ;I revcrsible decomposition thc 
equilibrium of which, illustrated by Equation 1, depends strongly on temper‘iture: 

Nitric oxide is recointnended elscwhere as a “volatile inhibitor” for acrylic 
monomers [2] and as a water-soluble inhibitor for acrylainidc [IS]. Generally, the 
role of an  inhibitor is focused on retarding the onset of polymerization at rooin 
temperature. There are grounds to assume, however, that at higher tempcratures 
S O I ~ C  inhibitors will function cliffercntly. 

Both the oxides residing on the right side of Equation 1 are paramagnetic. 
Nitric oxide has one odd electron in an antibonding n orbital. By electron shearing 
covalent species may result. Nitrogen dioxide, on the other hand, contains 17 
electrons with one electron unpaired occupying either the nitrogen or oxygen atom, 
respectively. This is in agreement with the resonance structure of NO2 having at 
least five canonical forms [ 161. Consequently, two different types of specics are 
expcctedly to result from reactions between the two kinds of oxides and growing 
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FREE RADICAL POLYMERIZATION 405 

radicals. One type may be represented by nitro-compounds I , and the other one by 
nitrite-compounds 11, i.e.: 

- - C H  ,-CH - N O  
I 

--CE[,-CH-Ct- NO and 

I II 

Further side-reactions involving nitrogroups cannot be ruled out and must 
be taken under consideration e.g. 

I + L H -  --CH,-CH-NO + R--O-R (2) 

I 
It should be emphasized, that in aqueous solutions of NaAA, the sodium 

nitrite functions as an effective inhibitor up to 60°C only. Above that temperature, 
however, the results presented in Table 1 indicate a different behavior of NaN02 
distinguishing it to be a mediator. In preliminary tests it was established that the 
molar ratio of medi-ator vs. initiator (I stands for (NH4)2S208) was optimal 

for nl  This value was kept constant in all the polymerizations 
accomplished here. The designations of the polymers appear as NaAA,-NO-[MI 
where NO indicates sodium nitrite used as mediator, [MI0 denotes the initial 
monomer concentration, and t the temperature of polymerization. (The symbol 0 is 
used in the case where no mediator was used). 

The non-mediated polymerization of acrylic acid (cf. PAA 60-O-10 in Table 
1) initiated by (NH4)2S208 proceeds at 60 "C very quickly and care should be taken 
to avoid autoacceleration in large-skale processes, although generally concentration 
[MIo = 10 g/dl is regarded to be a save in view of the gel effect. 

At 60"C, the decomposition of APS will continue over the entire polym- 
erization time generating new radicals throughout. It assumed that in the presence of 
sodium nitrite the APS radicals and the growing radicals Mf, are capped by 
nitroxide, what generally may be depicted by the reaction: 

NaN02 -- - 1.5. 
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Figure 1. Relation between number-average molecular weight mn and time of 
polymerization 7 for NaPAA90-NO-40. 

In the case of NaAA the M: radical will be represented by CH2=~H-cO@ 

The state of equilibrium in Equation 3 is important for acquiring living 
character. The criteria for this character are a linear increase of M, with conversion 

a and a narrow coefficient of polydispersity . TWO factors may play an 
important role in fulfilling both criteria. The first one is the time of duration of the 
active and dormant states, respectively, the second one refers to the equilibrium 
shift. For achieving true “livingness”, the equilibrium should not shift and 
thenduration of both the states should be short and equal [17]. Data presented in 
Table 1 reveal that the system under consideration has no living character. At 60°C, 
the equilibrium lies (cf. NaPAA60-NO-40) almost exclusively on the dormant side. 
After two days, the degree of conversion was found to be a = 30% only. 

An increase in temperature up to 90OC results in a rapid initial polym- 
erization. After 1.5 minutes, (+ 1.5 minutes required to elevate. the temperature from 
60°C to 90°C) the degree of conversion reaches 87%. Further increase appears to be 
slow, and a complete loss of monomer, in practical terms (a  = 98.1.5%), is effected 
after 1380 minutes (i.e. ca. 23 hours). Therefore, the observed poor increase in mn 

with a depicted in Figure 1 cannot be regarded as an approach to “livingness”. It is 
likely that in the case of the NaPAA90-NO-40 polymer, the APS radicals being 
generated in surplus at the very beginning of polymerization are at 90°C no longer 
capped effectively by the nitroxides. The result is a substantial shift of the 
equilibrium depicted by Equation 3 to the left side with longer duration of the active 
state. Consequently, due to statistical termination and transfer of the growing chains, 

D=- Mw 
Mn 
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408 BORTEL ET AL. 

relative high coefficicnts of polydispersity are provided. The values (D = 9.62 .... 
6.50 cf. Table 1 )  are o f  the same order as that of the conventional PAAr,o-O-10 
polymer having I) 9.8 1 .  

Nevertheless. the ability of sodium nitrite to control run-away reactions 
makes it possible to can> out polymerizations of acrylic acid in 40% aqueous 
solutions by employing the one-step process preferred for practical reasons. 

More Importantly, contrary to conventional inhibitors which must be 
iemovedjiist before polymerization, such a necessity does not exist in the caw of 
I\laNCI2 if the temperature of polymerization is set above 60 C. It must be tahen into 
account, however, that a higher temperature decreases the molecular weight as is 
also shown in Table I 
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