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ABSTRACT 

Swelling equilibria in aqueous citrate-phosphate buffer solutions are reported for 

thermally-sensitive poly-N-isopropylacrylamide hydrogels containing weakly ionizable 

groups. The comonomers containing these groups were sodium acrylate and 2-

dimethylaminoethyl methacrylate to produce gels with, respectively, acidic and basic char

acter. Gel swelling was measured as a function of pH, ionic strength, and temperature. 

With increasing ionization, the temperature range over which the gel volume change is 

greatest becomes larger and shifts to higher temperatures. 
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INTRODUCTION 

Much attention has been directed in recent years at hydrogels which undergo large 

volume changes in response to small variations in solution conditions 1. Temperature and pH 

have been the solution variables of greatest interest, primarily because these variables 

change (or can be changed) in typical physiological, biological, and chemical systems. 

Temperature- and pH-sensitive gels have been suggested for use in a variety of novel appli

cations including controlled drug delivery2•3, immobilized enzyme reactors 4, and separation 

processes5. 

Temperature-sensitive gels can be prepared from N-substituted acrylamide derivatives 

(e.g., N-isopropylacrylamide, and N,N'-diethylacrylmide) which exhibit lower critical solu

tion phase transitions (LCST behavior) in the uncrosslinked, homopolymer form in aqueous 

solution6. Gels prepared from these polymers exhibit volume collapse upon warming7•8. 

Gels which are sensitive to pH are prepared by copolymerizing weakly ionizable electro

lytes into a polymer networ~. Variations in solution pH induce a change in network ioniza

tion and a corresponding change in swelling capacity. 

Previous studies of temperature- and pH-sensitive gels have usually considered sys-

. terns sensitive to only one of the two variables. In previous work, we have investigated the 

swelling properties of acrylamide gels containing a strong electrolyte9 and also those of 

~mperature-sensitive poly-N-isopropylacrylamide gels containing- a strong electrolyte 7. In 

this work, we report swelling behavior for two gels which are both temperature- and pH

sensitive. We have studied a negatively ionizable gel (poly-N-isopropylacrylamide copo

lymerized with sodium acrylate) and a positively ionizable gel (poly-N-isopropylacrylamide 

copolymerized with 2-dimethylaminoethyl methacrylate); we have also studied uncharged 

poly-N-isopropylacrylamide gel as a reference system. We report swelling behavior in 

aqueous citrate-phosphate buffer solutions as a function of temperature, pH, and solution 

ionic strength. 

EXPER~ENTALSECTION 

Gels were synthesized by free-radical solution copolymerization of N

isopropylacrylamide (NIPA) with a comonomer and a crosslinking agent Three gels were 

prepared: (1) uncharged poly-NIPA gel (no comonomer); (2) a negatively ionizable, or 

weakly acidic gel (sodium acrylate (SA) as the comonomer); and (3) a positively ionizable, 

or weakly basic gel (2-dimethylaminoethyl methacrylate (DMA) as the comonomer). 

N,N' -methylenebisacrylamide (BIS) was used as chemical crosslinker for all gels. The poly

merization reaction was similar to that described by Hooper et ai7. However, in this work, ( 
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the reaction was initiated using ammonium persulfate (APS) and accelerated with 

tetramethylethylenediamine (TEMED). All gels were prepared with the same nominal com

position. The diluent (water) concentration at preparation was fixed at 0.92 volume fraction 

water (0.08 volume fraction of monomers with respect to total solution volume). The rela

tive monomer concentrations, on a water-free basis, were 0.01 mole fraction BIS and 0.1 

mole fraction comonomer. For poly-NIPA gel, no comonomer is used. For a 100-ml reac

tion solution, initiator and accelerator concentrations were 0.05 g of APS and 0.4 cm3 of 

TEMED. The initial solution was prepared in an ice bath and then poured into chilled 

molds (pairs of glass plates separated by 0.1-cm teflon spacers). The molds were held at 

10°C for 48 hrs which is sufficient time for completion of reaction. Careful temperature 

control was necessary to ensure that the negative (exothermic) heat of reaction did not 

induce phase separation during polymerization; such separation would occur near 32°C, the 

lower critical solution temperature for NIP A in water. 

After reaction completion, the gels were removed from the molds and cut into 1-cm . 

diameter disks. The disks were placed in excess deionized water, which was replaced daily, 

for one week. The equilibrated gel disks in water served as starting samples for the remain

ing experiments. Several sample disks were dried in a vacuum oven to determine the hydra

tion of the water-equilibrated gels. Other disks were placed in various aqueous buffer solu

tions (described below) to determine pH-, ionic strength-, and temperature- effects on swel

ling. Water-equilibrated samples were weighed, placed in solution, and then re-weighed 

upon equilibration in solution. The surface wetness was removed by blotting the samples 

with laboratory tissue prior to weighing. The swelling capacity (g swollen geVg dry gel) 

was determined using the known hydration of the gels in deionized water. 

RESULTS AND DISCUSSION 

Figure 1 presents swelling equilibria at 7°C for poly-NIPA co-DMA, and poly-NIPA 

co-SA gels in aqueous citrate-phosphate buffer. Swelling was measured as a function of 

buffer ionic strength, which varied from 0.005 to 0.5M. Solution pH was fixed to obtain 

maximum swelling (ionization) for each gel, thereby allowing ionic strength effects to be 

observed most clearly. The pH was fixed at 8 for the poly-NIPA co-SA gel and at 3 for the 

poly-NIPA co-DMA gel. As shown in Figure 2, no pH effect was seen for the poly-NIPA 

gel which was placed in buffer solutions with pH 6 for five different ionic strengths. As 

observed in previous work, gel swelling in electrolyte solutions at low ionic strength is 

strongly dependent on the degree of gel ionization 7 •9. As ionic strength rises, the ionized 

gels deswel; at 0.1 ionic strength, the three gels have nearly identical water contents. The 

effect of ionic strength on the swelling of ionized gels seen in Figure 1 is similar to that 
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observed elsewhere7, and has been explained using Donnan-equilibria arguments9•10. As 

ionic strength rises, the difference in concentration of mobile ions between the gel and solu

tion is reduced, thereby decreasing the osmotic swelling pressure of these mobile ions 

inside the gel. 

The results shown in Figure 1 were used to determine the ionic strength to be used in 

further experiments. Charge effects are damped at high ionic strength, making that limit 

undesirable if ionization effects are to be distinguished. An adequate buffer capacity 

~O.OlM) is needed for studying weakly ionizable gels. We therefore use an ionic strength 

of 0.01 for all further experiments. 

Figure 2 shows.pH-dependent swelling behavior at 7°C for the three gels (poly-NIP A, 

poly-NIPA co-DMA, poly-NIPA co-SA) in citrate-phosphate buffer; swelling capacity was 

measured from pH 3 to pH 8. Consistent with expectations, swelling of the polybasic NIPA 

co-DMA gel was found to decrease with pH, while the swelling of the polyacidic NIPA 

co-SA gel was found to increase with pH. The percentage of DMA groups (nominal pKa 

7.7) ionized in the poly-NIPA co-DMA gel should be close to 100 at pH 3; similarly, the 

percentage of SA groups (nominal pKa 4.3) ionized in the poly-NIP A co-SA gel at pH 8 

should also be close to 100. However, the poly-NIP A co-SA gel swells 35% more at pH 8 

compared to the poly-NIPA co-DMA gel at pH 3. A plausible explanation for this 

difference in swelling may be found by considering the chemical nature of the two weakly

ionizable comonomers used in this work. Whereas the ionizable group in the poly-NIPA 

co-SA gel is the carboxylate group, in the poly-NIP A co-DMA gel it is the bulky, relatively 

hydrophobic dimethylaminoethyl. group. The increased hydrophobicity imparted to the 

poly-NIPA co-DMA gel by the dimethylaminoethyl groups may contribute to the decreased 

swelling of this gel. Computer simulations of isolated, hydrophobic polyelectrolytes 11 pro

vide qualitative support for this explanation; Hooper et al11 found a decrease in the end-to

end distance of model, isolated polyelectrolytes upon increasing chain hydrophobicity while 

holding ionization constant. 

Figure 3 presents temperature-dependent swelling equilibria in citrate-phosphate buffer 

solutions of pH 3 and 8 for the poly-NIPA co-DMA gel. Temperature varied from 7 to 

70°C. Swelling equilibria for uncharged poly-NIP A gel in pH 6 buffer is included in Fig

ure 3 for comparison. The gel exhibits large, continuous changes in water content as a 

function of temperature. The temperature range where the volume change is greatest (the 

transition region) is shifted to higher temperatures and is broadened (becomes more continu

ous) as the gel ionization increases; gel ionization is a function of solution pH. Qualita

tively similar results were obtained in previous work with a series of poly-NIPA gels con-

. taining varying amounts of a strongly-dissociating quatemized-amine comonomer7. In this 
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previous work. gel ionization was fixed at preparation and could not be altered thereafter. 

An interesting feature of the present work is the ability to alter the gel ionization, and thus 

shift the transition region of the gel, by changing solution pH. 

Figure 4 shows temperature-dependent swelling equilibria in citrate-phosphate buffer 

solutions of pH 3, 5, and 8 for poly-NIP A co-SA gel. Temperature varied from 7 to 70°C. 

The results shown in Figure 4 are similar to those shown in Figure 3 for the poly-NIP A co

DMA gel; the transition region is shifted to higher temperatures and is broadened with 

increasing gel ionization (increasing solution pH for the poly-NIP A co-SA gel). Previous 

workers have reported discontinuous12 and also continuous13 transitions for ionized poly

NIP A gels. The trarisitions observed here were all continuous, with the possible exception 

of the poly-NIP A co-SA gel at pH 5 which appears to be near a discontinuous transition. 

CONCLUSIONS 

The addition of a weakly-ionizable comonomer to a temperature-sensitive gel may 

affect dramatically the swelling behavior of the gel. The temperature range over which the 

gel volume change is greatest is shifted to higher temperatures and is continuous with 

increasing gel ionization. The ionic strength of the buffer solutiop. must be less than O.lM 

for gel ionization to have an effect on gel swelling; the pH of the buffer solution has little 

effect on gel swelling at ionic strengths higher than O.lM. 

Incorporation of both temperature- and pH-sensitive monomers in a single network 

provides flexibility for controlling swelling behavior with solution conditions. In particular, 

for temperature-sensitive gels containing weakly-ionizable monomers, the magnitude and 

location of temperature-induced gel collapse may be altered significantly by changing solu- · 

tion pH. Through proper selection of the ionizable comonomer, it may be possible to tailor 

a temperature-sensitive gel to meet specific process or system needs. 
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FIGURE CAPTIONS 

Figure 1 Swelling equilibria at 7°C for NIPA copolymer gels in aqueous citrate-phosphate 

buffer solutions. Ionic strength of the buffer varied from 0.005 to 0.5M. 

Figure 2 Swelling equilibria at 7°C and O.OlM ionic strength for NIPA copolymer gels in 
aqueous citrate-phosphate buffer solutions. The solution pH varied from 3 to 8. 

Figure 3 Temperature-dependent swelling equilibria in citrate-phosphate buffer solutions for 
poly-NIPA gel (pH 6) and poly-NIPA co-DMA gel (pH 3 and 8). 

Figure 4 Temperature-dependent swelling equilibria in citrate-phosphate buffer solutions for 
poly-NIP A gel (pH 6) and poly-NIP A co-SA gel (pH 3, 5 and 8). 
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