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ABSTRACT: A 13C-labeled crosslinker (trimethylolpropane triacrylate, TMPTA) was
synthesized and copolymerized with acrylic acid while monitoring the relative rates of
reaction of the crosslinker and acrylic acid by 13C-NMR. This allowed easy quantifica-
tion of the concentration of the minor component (crosslinker) in the polymer and
monomer mixture to levels as low as 0.02%. Polymerizations were conducted in 5 mm
NMR tubes under varied temperature, percent neutralization (pH), and percent solids.
Reactivity ratios were determined from the rates of incorporation of the components
into the gel by use of the integrated form of the copolymerization equation, and their
sensitivity to the above variables was quantified. The relative rate of incorporation of
the crosslinker into the gel was exceedingly fast. The reactivity ratio, r1 for acrylic acid,
varied from 0.31 (65% neutralization) to 0.77 (unneutralized). The reactivity ratio was
affected by the percent solids (solvent effect) , but was insensitive to temperature over
the range of 55–807C. It was observed that all of the double bonds of TMPTA were
incorporated into gel network as opposed to prior models predicting only two bonds
reacting. The reported inefficiency of TMPTA is postulated to be caused by a solubility
problem in the monomer mixture. Very low levels of extractables were found in the
products even though the crosslinker was consumed by 70% conversion. Based on these
data, we propose that a major component of the gel network is graft polymer that forms
late in the polymerization onto the crosslinked gel formed earlier. q 1997 John Wiley &
Sons, Inc. J Appl Polym Sci 63: 439–451, 1997
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INTRODUCTION diallyl phthalate. However, in water-phase poly-
merizations, solubility of many crosslinkers be-
comes marginal and when the acid is partiallyA wide variety of vinyl crosslinkers have been
neutralized, the problem is ever greater. Commonused to form crosslinked networks with acrylic
vinyl crosslinkers for superabsorbents includeacid. In bulk polymerizations or organic solvent
N,N-methylene and ethylene bis(meth)acrylam-systems the choice of crosslinkers is quite broad.
ide, triallyl amine, ethylene glycol di(meth)acry-Almost any multivinyl monomer will work, in-
late, trimethylolpropane tri(meth)acrylate, pen-cluding crosslinkers such as divinyl benzene and
taerythritol tri(meth)acrylate, allyl(meth)acry-
late, and various polyethylene oxide extended
polyvinyl (meth)acrylates. Some of the more com-Correspondence to: David E. Henton.

q 1997 John Wiley & Sons, Inc. CCC 0021-8995/97/040439-13 monly used crosslinkers are shown in Figure 1.
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440 ARRIOLA ET AL.

Figure 1 Structure of common crosslinkers used in superabsorbent products. (A)
Ethylene glycol dimethacrylate; (B) tetraallyloxyethane; (C) allylmethacrylate; (D)
N,N-ethylene bisacrylamide; and (E) trimethylolpropane triacrylate.

These crosslinkers are used at levels ranging from methyl methacrylate (MMA) were consumed by
internal cyclization reactions when the mole frac-0.01 to 2.0%, usually about 0.05–1.0% to provide

superabsorbents with high swelling capacity and tion of EGDM was 0.126 to 0.256. However, Lan-
din and Macosko showed that for low levels ofreasonably low soluble polymer content.

The swelling characteristics of superabsorbent EGDM in methyl methacrylate, the rate of intra-
molecular cyclization was very low.5 Tobita andmaterials are controlled by a balance of opposing

forces, swelling forces driven by osmotic pressure, Hamielec observed very high levels of cyclization
(ca. 80%) in acrylamide/bisacrylamide copoly-and restoring forces from a variety of physical,

covalent, or ionic crosslinks. The osmotic forces merization when the total monomer content of the
solution was low (6%).6 Intramolecular cycliza-result from the partially ionized acrylic acid units

of the polymer chain. The crosslinks are typically tion increases with polyvinyl monomer content,
low monomer content, and high conversion. Whenincorporated during the polymerization by the use

of copolymerized multivinyl crosslinkers such as a large excess of the monovinyl monomer is pres-
ent, such as at lower conversion, the intramolecu-those in Figure 1. The ultimate structure of the

crosslinked polyacrylic acid network is influenced lar cyclization rate is very low. Because of the
high monomer content and the low crosslinkerby both polymerization factors, such as the

amount and type of multifunctional crosslinker, levels used in typical superabsorbent processes,
there is a reduced probability of this inefficientas well as post treatment reactions.

Network formation during the solution poly- side reaction, especially during the initial part of
the polymerization process.merization of partially neutralized acrylic acid

containing a multifunctional acrylate or metha- In order to understand the distribution of cross-
links in the network, one must know the reactivitycrylate crosslinker can be viewed as a copolymer-

ization reaction. The Flory–Stockmayer theory ratios of all of the various double bonds in the
system with each of the other types of doublehas been used to predict the gel network buildup

of a crosslinking polymerization system.1,2 Many bonds. This would include sodium acrylate (and/
or acrylic acid), the initial double bonds of theside reactions, such as intrachain cyclization, de-

crease the efficiency of the crosslinker and result crosslinker, and the various double bonds that are
pendant to the polymer chain after incorporationin a gel point later in the polymerization than

would be predicted by theory and in networks less of the crosslinker (Fig. 2). Using trimethylolpro-
pane triacrylate (TMPTA) as a model crosslinker,crosslinked than would be predicted from the

number of potential crosslink sites. This deviation initially all three of the double bonds would be
expected to have the same reactivity with acrylicfrom theory can be significant at high crosslinker

levels, such as used in styrene divinylbenzene co- acid, but once incorporated into the polymer net-
work through one of the double bonds, it was pro-polymers where intramolecular cyclization is be-

lieved to occur. At very high levels of crosslinker posed that the second and third double bonds will
be less reactive. In fact, it is believed that theand at high conversion, pendant vinyl groups

were found to be less reactive and not utilized in third double bond is not reactive at all in preneu-
tralized acrylic acid polymerizations, because offorming the network. Local steric effects and lack

of chain mobility were proposed for their lack of steric hindrance or shielding, and thus remains
as a dangling double bond.7 This earlier model ofreactivity.3 Okay et al.4 determined that almost

half of the pendant double bonds in a mixture gel structure was based on the inefficient cross-
linking seen with TMPTA, resulting in gels withof ethylene glycol dimethacrylate (EGDM) in
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REACTIVITY AND STRUCTURE OF SUPER ABSORBENT GELS 441

Figure 2 Reactions of TMPTA double bonds to form a crosslinked network.

swelling and moduli similar to that of gels pre- termine the reactivity ratios of monomers.12 The
most frequently cited method is that of Kelen–pared using divinyl crosslinkers at a comparable

molar content. In the study reported here, the pre- Tudos,13,14 where monomer feed mixtures of vary-
ing composition are polymerized to low conversionvious model has been shown to be in error, and

explanations for the prior observations are pre- and the resultant polymer composition is mea-
sured. The values of r1 and r2 are then determinedsented.

In a copolymerization reaction, the reactivity graphically from the data. The Kelen–Tudos
method is useful but requires multiple polymer-ratios r1 and r2 (functional groups in this work)

are defined by; r1 Å kp11 /kp12 and r2 Å kp22 /kp21 , ization runs as well as characterization of the co-
polymer composition from each mixture. Quanti-where kpij is the rate constant for the reaction of

a growing polymer chain containing a terminal fication of the diad and triad fractions of copoly-
mers by NMR is also a useful method to obtain theMi unit reacting with monomer functional group

Mj . When r1 is greater than 1, M1 prefers to react reactivity ratios.15–17 This present investigation of
AA-TMPTA reactivity ratios used the integratedwith itself and not the other monomer group. If

r1 Å 1, then the growing chain with an M1 group form of the copolymer equation.18 To determine r1

and r2 by this method, values that best describeon the end reacts equally with M1 and M2 . Very
frequently r1 is less than 1, indicating that when copolymer composition–conversion profiles were

selected.an M1 group is on the end of the chain, it will tend
to favor adding to the other monomer instead of Reactivity ratios are generally not influenced

by the reaction medium,19 but for very polarone of its own kind. This type of behavior can lead
to alternating copolymers under certain circum- monomers in polar solvents, changes in reactivity

as the medium changes have been observed.20,21stances. The composition of a copolymer is, thus,
controlled by both the reactivity ratios of the Ionizable monomers such as acrylic acid exist in

both the protonated form and ionized form, andmonomers and the initial monomer concentra-
tions. The reactivity ratio of acrylic acid with sev- the two species exhibit different reactivity and

sensitivity to pH. The reactivity ratio observed foreral monomers is shown in Table I.
Several techniques have been developed to de- acrylic acid reflects the relative amount of the two
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442 ARRIOLA ET AL.

Table I Reactivity Ratios of Acrylic Acid in Radical Copolymerization

M1 r1 M2 r2 T (7C) Solvent

Acrylic acid9 0.25 Styrene 0.15 60 None
Acrylic acid9 0.05 Styrene 1.6 60 DMF
Acrylic acid9 0.13 Styrene 0.30 60 Benzene
Acrylic acid10 3.25 Acrylonitrile 0.34 40 Water
Acrylic acid11 0.29 MMA 1.13 65 Benzene

forms present in solution. Both monomer concen- ogy to determine reactivity ratios that would be
useful for other crosslinked systems. In studyingtration and solvent influence the extent of ioniza-

tion and, thus, the reactivity ratio of monomers this copolymerization reaction, it was also hoped
that the cause of the inefficient use of the doublesuch as acrylic acid.22,23 Ponratnam24 reported a

maximum for r1 (0.92) at a pH of 2 and a mini- bonds of trivinyl crosslinkers (TMPTA) could be
determined and provide direct evidence for themum (0.33) at pH 7 in the copolymerization of

acrylic acid (M1) and acrylamide. He also ob- presence or absence of unreacted double bonds in
the network, such as that in structures B and Cserved a similar effect of pH in the copolymeriza-

tion of acrylic acid and N-vinyl pyrrolidone.25 of Figure 2.
Temperature is another factor that has been

investigated for its effect on reactivity ratios. Typ-
ically, temperature has very little influence. EXPERIMENTAL
When a temperature effect is obtained, the obser-
vation has been that an increase in temperature To enhance the detection of the acrylate ester
causes the reactivity ratios to approach unity.26 crosslinker by 13C-NMR during the polymeriza-
This results from lower selectivity at higher tem- tion, the carbonyl carbon was labeled with 13C
peratures. Because activation energies are low for following the procedure outlined in Figure 3.
radical propagation reactions, temperature would The solvents and reagents used were either of
be expected to have only a minor influence on very high purity and free of water (trace amounts
their relative rates and, thus, the reactivity ra- only) and, in some cases, were distilled and stored
tios. over molecular sieves; methylene chloride (CH2Cl2)

In this study a sensitive analytical technique (HPLC–GC/MS grade: distilled and stored over
was needed to quantify the relative concentra- molecular sieves, Fisher), triethyl amine (ET3N)
tions of each material and type of double bond (99/; then distilled and stored over molecular
in order to determine the reactivity ratios of the sieves), dimethyl formamide (DMF) (99.8%, Ald-
various monomeric and crosslinker double bonds. rich, Suresealt), acrylic acid (AA) (glacial, mono-
The use of infrared spectroscopy,3 NMR,4,27 and mer grade), acrylic acid-1-13C [98% chemical purity
titration techniques4 have been attempted pre- stabilized with 1000 ppm hydroquinone (HQ), 99%
viously to address this problem. NMR was insen- isotopic purity, Isotec, Inc.), trimethylolpropane
sitive, even at high concentrations of the cross- (TMP) (99/%; recrystallized, Aldrich), oxalyl chlo-
linker, and none are sufficiently sensitive to quan-
tify the components at the low levels (õ1%)
normally used in crosslinked superabsorbent res-
ins. For this reason, a 13C-labeled crosslinker
(TMPTA) was prepared that enhanced the NMR
detection limits by a factor of almost 100 and al-
lowed the polymerization process to be studied at
low concentrations of crosslinkers.

The goal of this study was to determine the
reactivity ratios of acrylic acid with typical acry-
late crosslinkers that could then be used to better
understand and model the crosslinked network
made in a typical superabsorbent polymerization Figure 3 Synthetic procedure for preparation of a

13C-labeled crosslinker.process. Another goal was to develop a methodol-
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REACTIVITY AND STRUCTURE OF SUPER ABSORBENT GELS 443

ride (OC) (99/%, Aldrich), sodium carbonate pared from the purified crosslinker and kept fro-
zen until immediately before use. The crosslinker(Fischer, certified A.C.S.), and sodium persulfate

(98/%, Aldrich). solution was diluted with additional acrylic acid
to adjust the level of crosslinker, and a sodium
persulfate stock solution added to the acid solu-

Preparation of 13C-Labeled TMPTA tion to provide the initiator and adjust the solids
level. The concentration of initiator was varied byThe reaction was conducted, under N2, in an oven-

dried 100-mL three-necked flask equipped with a the concentration of the sodium persulfate in the
stock solution. A typical feed mixture, at 0% neu-magnetic stir bar, an N2 line (attached to a bub-

bler), an addition funnel with a pressure-equaliz- tralization and 36.4% solids, containing 1.00% of
the 13C-TMPTA and 600 ppm sodium persulfateing side arm, and a septum. The flask, further

dried with a heat-gun under positive N2 flow, was (BOAA) was prepared by combining 1.111 g of the
13C-TMPTA stock solution (3.6 wt %) in acryliccharged with acrylic acid-1-13C (0.975 g, 0.0135

mol), DMF (0.20 g), and CH2Cl2 (5 mL). To the acid, 2.889 g of glacial acrylic acid, and 7.000 g of
a sodium persulfate stock solution (0.0343% in DIstirred colorless solution at 07C was added drop-

wise, oxalyl chloride (1.718 g, 0.0133 mol) in water). When preneutralized feed mixtures were
prepared, anhydrous sodium carbonate wasCH2Cl2 (5 mL) over a 20-min period. The re-

sulting clear colorless solution was stirred at am- added (slowly with stirring) directly to the diluted
feed mixture. Most of the polymerizations werebient temperature for 2 h. The solution was again

cooled to 07C and a solution of TMP (0.549 g, conducted at percent solids or percent neutraliza-
tions where the crosslinker was totally miscible0.00409 mol), ET3N (3.187 g), and CH2Cl2 (10

mL) was added over a period of 30 min. The bright in the reaction mixture. One feed mixture was
prepared at 65% neutralization and 30% solidsyellow mixture that formed was allowed to stir at

07C for 2 h, then at room temperature for 30 min with 1.0% 13C-TMPTA. This exceeded the solubil-
ity limits of TMPTA and the crosslinker was dis-and then the reaction mixture was quenched by

dropwise addition of 20 mL of deionized water. persed with polyvinyl alcohol following the proce-
dure of Prud’homme et al.7To the resultant two-phase mixture was added

0.00036 g of monomethyl ether of hydroquinone In the feed mixtures containing the labeled
crosslinker, the intensity of the TMPTA carbonyl(MEHQ) (300 ppm) and of 0.00024 g HQ, (200

ppm) and the two phases were separated and the peak at 164.5 ppm in the NMR (Fig. 4) was en-
hanced, relative to that of acrylic acid at 166.8CH2Cl2 layer washed successively as follows: wa-

ter (2 1 40 mL), 5% aqueous HCl (2 1 40 mL), ppm, to the point where the resulting decrease in
both during polymerization could be easily ob-saturated aqueous NaHCO3 (40 mL), and brine

(40 mL). To the resulting yellow solution was served. Samples were polymerized to low and high
conversion and the amount of uncrosslinked poly-added an additional quantity of MEHQ (0.00036

g, 300 ppm) and HQ (0.00024 g, 200 ppm), and the mer determined as well. The extractable polymer
was quantified by the method of Cutié et al. usingsolution was dried (Na2SO4). The mixture was

filtered and concentrated on a rotary evaporator 0.9% NaCl extraction and HPLC analysis.28

at room temperature to give 1.21 g (100%) of a
light amber oil. The product was stored in the

NMR Kinetic Analysisfreezer after flushing the container with air.
HPLC showed the crude product to consist of An NMR technique was used to monitor the poly-

merization rates in situ . This method made it pos-three major peaks (plus antioxidant peak) and
several minor peaks. The major component was sible to obtain isothermal data during exothermic

conditions of up to 2% conversion/min in 5 mmthe trivinyl TMPTA, which was isolated by pre-
parative HPLC on a 25 1 2 cm Hypersil ODS, 52 tubes. The 5 mm diameter NMR tubes were

loaded via a glass pipette and deoxygenated withmm column using an 80/20 mixture of methanol/
water containing 0.01% formic acid, to yield 0.53 nitrogen. The tubes were deoxygenated for a mini-

mum of 60 min. After the deoxygenation, the capg (43%) of a 95/% pure product.
was sealed and the sample was sonicated (20–30
s) to remove the nitrogen gas from the saturated

Preparation of Polymerization Feed Mixtures liquid so that bubbles did not form in the sample
as it polymerized. (Bubbles give rise to severe lineA mixture of 13C-labeled trimethylolpropane tri-

acrylate (3.6 wt %) in glacial acrylic acid was pre- broadening in the 13C NMR spectra, dramatically
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444 ARRIOLA ET AL.

Figure 4 Typical feed mixture of acrylic acid and 1.0 wt % 13C-labeled TMPTA in
water at 20% solids.

degrading their quality.) The sample was then riched. The natural abundance of 13C is 1%, thus
enriching the carbonyl carbon with 99.8% 13C al-placed in the temperature-equilibrated, nitrogen-

filled probe of the NMR spectrometer and data lowed for a 100-fold increase in sensitivity. There
was only one reasonable choice for a carbon onwere acquired. The time of data accumulation for

each spectrum was determined by the number of the molecule to label that could be assured of no
interferences from the acrylic acid carbon reso-scans and the delay time between scans. A typical

series of 13C NMR spectra, from low to high con- nance, namely the carbonyl. The T1 value of the
TMPTA carbonyl as a 50% solution in methanolversion, are given in Figure 5. The crosslinker

conversion was determined from the area of the at 307C was 14 s. Obviously, this value would
lengthen somewhat at elevated temperatures.TMPTA carbonyl resonance at 164.5 ppm and the

incorporated TMPTA carbonyl resonance at 174 Therefore, the choice of acquisition parameters
for the NMR experiment involved a compromiseppm, while the acrylic acid conversion was deter-

mined from the area for the olefinic carbons of between accuracy and signal to noise (S/N). The
conditions chosen utilized a 10 s delay betweenacrylic acid at 130 and 124 ppm and the incorpo-

rated acrylic acid backbone carbon resonances at pulses with a 457 pulse width. These conditions
were quantitative within the precision of the ex-33 and 40 ppm.

The resonances used above for quantitation periment (which was, in reality, determined by
the S/N).were chosen because the carbonyl resonances pos-

sessed very long spin lattice relaxation times, T1 . The temperature of the probe was set to within
{17C using ethylene glycol as an internal refer-For example, the acylic acid carbonyl resonance

had a T1 value of 34 s in a 20% solution in water ence, the 1H-NMR chemical shift difference be-
tween the methylene and hydroxyl protons of eth-at 307C and at 607C the T1 was greater than 40

s. Therefore, the vinyl carbons of acrylic acid, ylene glycol giving an accurate measure of tem-
perature. Because the polymerization waswhose T1 values were almost a factor of 10 faster,

were utilized for quantitative purposes. exothermic, the sample temperature was found to
increase above the NMR set point when the rateTo detect the TMPTA at about 0.5 wt % so as

to quantify its incorporation, it had to be 13C en- of reaction exceeded about 2% per minute for sam-
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Figure 5 13C NMR spectra of the 557C polymerization of acrylic acid containing 1.0%
(weight) 13C-labeled TMPTA.

ples at 30% solids or higher in 5 mm NMR tubes. cause of the limited miscibility of water, TMPTA,
and acrylic acid at high TMPTA concentrationsThis was partly due to the limitations of heat

transfer from within the sample to the NMR tube (25–50%) and neutralization only makes it
worse. A composition containing 66.6% solids andbut mostly to the ability to transfer the heat from

the NMR tube within the NMR probe. The tem- a TMPTA to acrylic acid ratio of 1/3 was found to
be a one-phase system and was selected for theperature within the NMR probe was maintained

by temperature equilibrated nitrogen gas that NMR polymerization. A sample of pure trifunc-
tional TMPTA prepared in the laboratory waswas forced around the sample. The heat transfer

characteristics of the gas were not sufficient to used for the polymerization. Commercial TMPTA
is a mixture of more than 10 components, of whichmanage the large exotherms in the sample. There-

fore, the reaction rates were kept below 2% per the trivinyl component is less than 60%. The 13C-
NMR spectrum of the TMPTA used in the poly-minute.

The 13C NMR spectra were obtained at 75.4 merization is shown in Figure 6. The mixture was
polymerized at 707C and the relative rate of de-MHz using a Bruker AC-300 NMR spectrometer,

model number HO2129-ECL-24, S/N 0898. The crease of TMPTA was used to derive r2 while fix-
ing r1 at 0.49.data acquisition parameters utilized were as fol-

lows: pulse width Å 457, delay time Å 9.5 s, size
Å 16 K, accumulation time Å 0.41 s, sweep width

Experimental DesignÅ 20 kHz, apodisation Å exponential, 5 Hz broad-
ening, decoupling Å complete. The variables that were investigated for effects

on the reactivity ratios include: percent neutral-In order to obtain good data for the reactivity
ratio r2 , a polymerization containing a high con- ization (0, 25, 50, and 65%), temperature (55, 70,

and 807C), percent solids (20–28% for 0% neu-centration of TMPTA was conducted. The solubil-
ity of TMPTA at high levels was investigated in tralized and 30–42% for 65% neutralized), and

one-phase vs. two-phase (dispersed with polyvinylorder to select a mixture that was one phase. Only
unneutralized mixtures were investigated be- alcohol) crosslinker systems.
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Figure 6 Carbon NMR spectrum of a TMPTA crosslinker with methylene chloride
internal reference.

Method to Determine r1 and r2 grate at these low levels of crosslinker. The mono-
mer composition profile vs. molar monomer con-The SimuSolvy simulation and optimization pro- version (x ) is given below, where f2o is the initialgram was used to determine the reactivity ratios molar composition fraction of crosslinker func-from the composition profile data. When molar tional groups. An overall mass balance is used tomonomer conversion (x ) is used as the indepen- calculate polymer composition (F2) , which is thedent variable, then monomer ( f ) and polymer (F ) molar fraction of reacted crosslinker functionalcomposition profiles depend only on the reactivity groups.ratios (r ) and initial conditions ( fo ) . Thus, r1 and

r2 can be varied until an optimal fit is acquired.29

As the reactivity ratios were fit, it was observed f2 Å f2o (1 0 x ) (10r1)/r1 F2 Å
f2o 0 (1 0 x ) f2

xthat the profiles were insensitive to r2 . The insen-
sitivity can be explained by the low levels of cross-
linker functional groups ( f2 ! 1) and their prefer-
ential incorporation into the polymer (r1 õ 1). RESULTS
The well-known copolymer composition equation
reduces to the following as the crosslinker mol The rate of incorporation of the crosslinker
fraction approaches zero, where F*2 is the instan- (TMPTA) was much more rapid under all condi-
taneous molar incorporation of crosslinker func- tions than the rate of polymerization of acrylic
tional groups. acid. The rate of incorporation of crosslinker, re-

sulting in earlier depletion from the monomer
mixture, was faster in the more neutralized sys-F*2 Å

f2

r1
f1 / f2 Å 1 F*2 / F*1 Å 1

tems. At 557C and 65% neutralization, the cross-
linker was below the NMR detection limits (ca.
0.01% based on acrylic acid) at 70% conversion ofThe composition balances are very easy to inte-
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have calculated a single reactivity ratio that ap-
plies to all three double bonds.

The reactivity ratio r1 as deduced from fitting
the data with the SimuSolvy model, decreases
from 0.77 at 0% neutralization to 0.31 at 65% neu-
tralization (Table II) . This is consistent with the
trends discussed previously for various acrylic
acid copolymers upon neutralization. As the spe-
cies in the mixture are ionized, the growing poly-
electrolyte chain prefers to attack the unionized
crosslinker. From our data and monitoring tech-
nique we cannot rule out rapid incorporation of
the pendant double bonds through intramolecular
cyclization, but the cited references describing
conditions that favor it suggest that it is not a
major pathway for reaction at these high solids
conditions and low crosslinker levels.

Temperature normally has very little effect on
reactivity ratios and this was also observed in thisFigure 7 Rate of incorporation of TMPTA into polya-
study between 55–807C for 65% neutralizedcrylic acid (65% neutralized) polymerized at 42% solids
acrylic acid (Table II) . The reactivity ratio only(600 ppm sodium persulfate based on acrylic acid)
increased from 0.31 to 0.35 over this temperatureat 557C.
range. For 0% neutralization, the reactivity ratio
increased from 0.44 to 0.77 when the solids were
increased from 20 to 36%. This can be viewed as
a solvent effect. From the high TMPTA ratio ex-
periment, r2 was determined to be 3.6.the acrylic acid (Fig. 7). A similar but slower rate

The composition of the 65% neutralized acrylicof incorporation was seen at 0% neutralization.
acid feed mixture and polymer was compared toIt was also observed during the copolymeriza-
that predicted using the integrated form of thetion of acrylic acid and the 13C-labeled crosslinker
copolymerization equation using the measuredthat all of the double bonds from the crosslinker
value of r1 Å 0.31 (Fig. 8). An excellent fit of the(TMPTA) reacted and not just two, as previously
data is obtained throughout the entire conversionproposed. From the narrow line widths of the pen-
range with the use of the single reactivity ratio.dant double bonds and a lack of chemical shift
This is consistent with the pendant double bonds(from the original TMPTA position) when pen-
having the same (similar) reactivity as the initialdant, it was concluded that significant mobility
crosslinker.exists for the pendant groups and steric hindrance

From the above data it is clear that acrylatefor reaction is not a problem. Once incorporated
crosslinkers are rapidly incorporated into the gelinto the polymer chain, some reduction in mobility
at a disproportionate rate at the beginning of theat the crosslink site appears to be present, based
polymerization. Because the molecular weight ofon the slight broadening of the saturated ester
the polyacrylic acid decreases with conversioncarbonyl peaks from the 13C-crosslinker at 174
as the acrylic acid is depleted according toppm (carbonyl groups adjacent to incorporated

double bonds). This lack of change of the NMR Mnakp[M ]wS fkd[I ]
kt

D0.5

, the polymer chains made
chemical shift for the pendant double bonds sim-

late in the polymerization are less likely to beplified the analysis, but, unfortunately, did not
incorporated into the network through a cross-allow the determination of the reactivity ratio of
linker double bond. Samples of 65% neutralizedthe second and third double bonds. However,
polyacrylic acid were prepared isothermally atbased on the continued rapid rate of incorporation

and significant mobility of the pendant groups, 557C at 34% solids using 1600 ppm (based on
acrylic acid) sodium persulfate as the initiatorlittle change in reactivity ratio is believed to oc-

cur. Because of this, we have treated the various and the molecular weight determined by the
method of Cutié (Fig. 9).30 The cumulative molec-double bonds of TMPTA as a single entity and
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Table II Reactivity Ratios Determined by NMR for Acrylic Acid and 13C-Labeled TMPTA under
Varied Conditions

Temperature Percent [Solids] [TMPTA]
(7C) Neutralization Percent wt % r1 r2 Solvent

55 0 36 1.0 0.77 { 0.02 water
55 25 38 1.0 0.49 { 0.02 water
55 65 42 1.0 0.31 { 0.01 water
55 0 20 1.0 0.44 { 0.02 water
55 25 35.6 0.5 0.47 { 0.01 water
70 65 42 1.0 0.33 { 0.01 water
80 65 42 1.0 0.35 { 0.02 water
55 0 20 1.0 0.42 { 0.02 water
70 0 20 1.0 0.49 { 0.01 water
70 0 66.6 25b 0.49c 3.6 { 0.6 water
55 0 20 1.0 0.40 { 0.01 acetic acida

70 0 28 0.635 0.49 { 0.01 acetic acida

70 0 20 1.0 0.49 { 0.01 acetic acida

85 0 20 1.0 0.85 { 0.08 acetic acida

a 75/25 (w/w) acetic acid/water used as solvent.
b Used pure trifunctional TMPTA.
c r1 was fixed at 0.49.

ular weight decreases from several million to link every 76 monomer units. If we assume that
the number average molecular weight of the ini-about 400,000 at 90% conversion. Very low molec-

ular weight is made at high conversion. tial polymer chains is 5,000,000 g/mol, there will
be 65,790 crosslinks in each molecule. However,Using the reactivity ratio, r1 Å 0.31, as deter-

mined for the polymerization of 65% neutralized because of the rapid depletion of the crosslinker,
at 90% conversion, the distance between cross-acrylic acid with TMPTA and feed composition,

the average instantaneous distance between links will be 1,000,000 g/mol. This is much greater
than the Mn being formed at this point in thecrosslinks can be predicted for the network. The

plot in Figure 10 for the 65% neutralized acrylic polymerization and the number of crosslinks per
chain is much less than 1. Potentially, improvedpolymerization shows that for the 0.5% TMPTA

case, initial polymer chains formed will have an
Mn between crosslinks of about 5500 g/mol. This
means that there will be an average of one cross-

Figure 8 TMPTA content for the monomer mixture
and polymer vs. conversion using r1 Å 0.31 (for 65% Figure 9 Effect of conversion on the cumulative num-

ber average molecular weight of 65% neutralized polya-neutralization); predicted (lines) and experimental re-
sults (circles and squares). crylic acid prepared isothermally at 557C.
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soluble in the reaction mixture, consistent with
our observations. The low effective incorporation
of TMPTA into the network and not the reactivity
of the third double bond appears to be the cause
of the lower modulus gels made under these condi-
tions.

Based on the fact that very low levels of extract-
ables are generated in these polymerization reac-
tions and the fact that the crosslinker was essen-
tially depleted by about 70% conversion, the poly-
mer formed toward the end of the polymerization
must be bound to the crosslinked gel by other than
a ‘‘normal’’ crosslinking mechanism. Covalent
grafting is the most likely mechanism.

Grafting of polymer, onto a pre-formed polymer
Figure 10 Predicted instantaneous distance between is well known in emulsion, suspension, and solu-
crosslinks in polyacrylic acid based on r1 Å 0.31 (for tion polymerizations.31 Organic azo compounds,
65% neutralized conditions) prepared from a feed com- such as AIBN and Wako V-50, are known to be
position containing (A) 0.50% (weight) TMPTA and (B) much less effective in hydrogen abstraction and,
1.00% (weight) TMPTA.

thus, result in much lower efficiency of grafting.32

Factors such as temperature, monomer to pre-
formed polymer ratio, initiator level, and the pres-superabsorbents could be prepared by use of a

crosslinker that is more uniformly incorporated. ence of other chain transfer agents affect the
amount of graft formed. In a water phase acrylicThe higher r1 value for the polymerization of un-

neutralized acrylic acid and TMPTA results in a acid, adiabatic polymerization process, grafting
would be expected to become more pronouncedslower rate of incorporation of the crosslinker,

leaving it more available for reaction later in the toward the end of the polymerization as the tem-
perature rises to the peak and the ratio of polymerpolymerization (Fig. 11).

The lack of crosslinker in the polymer chains to monomer increases. Sodium persulfate is an
excellent grafting initiator and will abstract hy-formed late in the polymerization should lead to

soluble polymer. However, very low levels of ex- drogen atoms from a variety of polymer species.
Tobita has addressed the issue of chain transfertractables (õ1.0%) were found in the samples po-

lymerized under conditions where TMPTA was to polymer in both emulsion and solution pro-
totally soluble in the feed mixture. This included
the unneutralized samples at 20–36% solids and
the samples prepared at 42% solids with 65% neu-
tralization. Samples prepared at 30% solids and
65% neutralization, however, had very high levels
of extractables compared to the other samples
(3.9% at 557C, 9.0% at 707C, and 22.5% at 807C).
Under the conditions of high neutralization and
lower % solids, TMPTA was only partially soluble
in the reaction mixture, which resulted in a two-
phase system. Even though polyvinyl alcohol was
used as a dispersion aid, the TMPTA was ob-
served by 13C-NMR to disappear more rapidly
than in the miscible systems, which resulted in
an ‘‘apparent’’ r1 of about 0.2. By 50% conversion
the 13C-TMPTA was below the detection limits of
the NMR and it appeared that the dispersed Figure 11 Predicted instantaneous distance between
TMPTA did not redissolve and become copolymer- crosslinks in polyacrylic acid based on r1 Å 0.77 (for
ized into the network. Because the acrylic acid in unneutralized conditions) prepared from a feed compo-
the mixture is the solvent for the TMPTA, conver- sition containing (A) 0.50% (weight) TMPTA and (B)

1.00% (weight) TMPTA.sion of it to polymer should make the TMPTA less
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