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Thermoresponsive Properties of N-Isopropylacrylamide with 
Methacrylic Acid Copolymer in Media of Different Acidity

Abstract: Linear statistic N-isopropylacrylamide copolymer containing 16.8 mol %of methacrylic acid was studied using methods of static and dynamic light scatteringand turbidimetry. The experiments were performed in aqueous solutions at theconcentration c = 0.015 g cm-3 in a wide temperature region from 10 to 60 °C withinpH interval from 1.7 to 11.2. The rapid increase of scattered light intensity anddecrease of the transmitted light intensity at heating of the solution was observed,which implied phase separation in the solution. The phase separation was con-firmed by intensive aggregation of macromolecules, which was evidenced by dra-matic changes in the size of the dissolved species and their fraction in the solution.Thermoresponsiveness of the copolymer was strongly dependent on pH. The spe-cific behavior of the N-isopropylacrylamide with methacrylic acid copolymer ascompared to that with maleic acid was shown, which is caused by the presence ofhydrophobic methyl group in the chemical structure of the methacrylic acid monomer.
Keywords: poly(N-isopropylacrylamide-co-methacrylic acid), double thermo- and pH-responsiveness, phase separation, lightscattering, dynamic light scattering.
1. IntroductionStimuli-responsive polymer systems have attracted muchattention during the recent years because of their high applica-tion potential in different fields. Small changes in the surround-ing medium can trigger dramatic changes in the characteristicsof their solutions. Double stimuli-responsive polymers, whichare sensitive both to temperature and pH, are especially inter-esting for biomedical applications.1-6 Some of them become sol-uble or insoluble in response to varying of the correspondingaqueous media parameters close to physiological, which can bepromising for drug delivery. The simplest way to endow polymer double responsivenessis copolymerization of monomers consisting of the units ofappropriate stimuli-responsive properties (pH- or thermosensi-tive). For example, N-isopropylacrylamide (NIPAAm), which iswell-known as thermo-responsive component,7-10 can be copo-lymerized with hydrophylic ionic monomers such as maleic(MA), acrylic (AA) or methacrylic (MAA) acid or other comono-mers, which provide pH-sensitivity.11-14 Poly(NIPAAm) becomes

insoluble in water on heating due to the change in hydrophilic-hydrophobic balance. The lower critical solution temperature(LCST) of poly(NIPAAm) aqueous solutions is about 32 °C.Combination of NIPAAm with hydrophilic ionic comonomersnot only allows macromolecules to respond to pH, but can shiftthe phase transition temperature closer to human body tem-perature.15 Carboxylic groups of acidic comonomers accept protonsin acid media and release them in basic conditions impactingthe copolymer properties of polyelectrolytes. The phase transition temperature, i.e., phase separation tem-perature, and the character of phase separation in polymersolutions can be varied in a wide range by varying copolymercomposition,16-18 solvent acidity,19 solution concentration,20 pres-ence of ions,14 as well as synthesis conditions,18 macromolecu-lar architecture,21,22 and other parameters. For a linear statisticpoly(NIPAAm-co-MA) containing 6.1 mol% of MA it was shown19,20,32that in dilute solutions the starting and terminating tempera-tures of the phase separation and the width of the temperatureinterval where the phase separation takes place, grow with theincrease of pH and the decrease in the copolymer concentra-tion. The observed phase separation temperatures proved tobe shifted relative to the cloud point of poly(NIPAAm) to theregion of higher temperatures at all pH and concentrations. Fur-ther introduction of hydrophobic or hydrophilic elements intothe thermo- and pH-sensitive systems (for example, their com-plexing with drugs) also results in the change of hydrophilic-
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hydrophobic and electrostatic balance in the solutions and as aresult, leads to the variation of phase separation characteris-tics.17 The effect of different parameters on thermo- and pH-sensi-tivity of polymers is not only of practical but primarily of a fun-damental importance for directional control of the propertiesof “smart” polymer systems targeted for drug delivery. That iswhy it is important to study the interrelations between thecopolymer parameters and its thermo- and pH-induced response.Special attention seems to be paid to the influence of the chem-ical structure of the ionic comonomers on these properties.The reported work intends to study the effect of pH on thermo-sensitivity of a NIPAAm with MAA copolymer. Poly(NIPAAm-
co-MAA) is promising as a polymer carrier for pulse drug deliv-ery. Being crosslinked to a hydrogel, the copolymer can swell andabsorb a drug or shrink and, consequently, release it in responseto changes of surrounding medium (T or pH). The swellingbehavior of a macromolecular network is to a great extent afunction of the structure and properties of its linear segments.Hence, the behavior of linear units of the network in differentmedia conditions should be studied. Though poly(NIPAAm-co-MAA) is commercially available and has been studied by differ-ent authors in various aspects,23-29 it is undoubtedly worth tosystematically analyze the behavior of aqueous solutions of linearpoly(NIPAAm-co-MAA) in a wide range of T and pH. A chargedMAA comonomer possesses a specific structure containing, besidesthe pending hydrophilic carboxyl group, a hydrophobic methylgroup.It was shown that conformational properties of poly(MAA)in aqueous solutions are influenced by the presence of this -CH3group, resulting in aggregate formation and conformationaltransitions from coiled to uncoiled state in different media.30, 31It can be suggested that such a structural peculiarity of thecomonomer can also affect the copolymer properties, in partic-ular, its responsive behavior. In the reported work we comparethe thermosensitivity of the poly(NIPAAm-co-MAA) with that ofpoly(NIPAAm-co-MA) previously studied by the authors. 19,20,32
2. Experimental

2.1. Materials

N-isopropylacrylamide (NIPAAm), purchased from Aldrich Chemi-cal Corp. (Milwaukee, WI, USA), was re-crystallized from hex-ane. Methacrylic acid (MAA), N,N'-azobisisobutyronitrile (AIBN),and 1,4-dioxane were purchased from Fluka AG (Buchs, Swit-zerland). MAA was purified by distillation under reduced pres-sure, AIBN was solubilized in warm methanol and re-crystallized,and 1,4-dioxane was purified by refluxing. All chemicals wereof analytical or reagent grade and were used without purifica-tion unless stated.
2.2. Poly(NIPAAm-co-MAA) synthesisPoly(NIPAAm-co-MAA) copolymer was synthesized by freeradical polymerization of the corresponding co-monomers in1,4-dioxane. 1.13 g of NIPAAm (10 mmol), 169 μL of MAA (2

mmol), and 0.016 g of AIBN (0.1 mmol) were dissolved in 6 mLof 1,4-dioxane. The solution was purged with nitrogen for 30min, then, the temperature was increased up to 75 °C. Polymer-ization was achieved within 12 h. The polymer solution wasprecipitated in diethyl ether, recovered by filtration, and driedunder vacuum at 50 °C. Subsequently, the polymer was re-dis-solved in distilled water, dialyzed against water for 7 days (mole-cular weight cut off 10,000-12,000 Da; from Medicell International,London, United Kingdom), and recovered by lyophilization.
2.3. 1H NMR analysisThe copolymer structure and composition were determined by1H NMR analysis. 1H NMR spectra of poly(NIPAAm-co-MAA)were recorded in deuterated water on a Varian Mercury Plus400/Varian VXR 200 spectrometer operating at 400 MHz fre-quency. The molar fraction of co-monomers was determinedby comparing the peak area of the methynic proton at 3.86 ppmof NIPAAm (the integral was set to equal 1 proton) with thetotal peak area between 0.5 and 2.5 ppm corresponding to themain backbone protons (3 NIPAAm + 2 MAA) plus the methylprotons (6 NIPAAm + 3 MAA) according to the following Eq. (1):9 NIPAAm+5 MAA=10.06 (1)
2.4. Conductometric analysisThe content of MAA in copolymer was also determined by con-ductometric titration at 22 oC using the CDM 210 conductivitymeter (Radiometer, Copenhagen, Denmark) equipped with aCDC 865 cell. Briefly, an excess of 0.1 N HCl was added to poly-mer solution, then the solution was back titrated with aqueous0.1 N NaOH solution in portions of 200 mL each time. The vol-ume of the NaOH solution used for the ionization of carboxylgroups was determined from the conductometric titration curveand the content of carboxyl groups in the copolymer (C) wascalculated according to Eq. (2): , (2)where VNaOH is the used volume of aqueous NaOH solutions inmL, f is the factor of NaOH solution, c is the concentration(mol/L) and m is the weight of dried sample, in grams.
2.5. Potentiometric titrationA 0.005 N aqueous solution of poly(NIPAAm-co-MAA) was passedthrough an ion exchange column filled with a sulfonic Dowex50WX8 resin in order to obtain a protonated form of the copo-lymer. The solution was then titrated with 0.1 N NaOH usingthe all-purpose t 716 DMS Titrino titrator, Metrohm (Switzer-land) equipped with a combined glass electrode. The obtainedpotentiometric titration data pH=f (base volume) were thenused to calculate the apparent dissociation constant pKapp val-ues according to the Henderson-Hasselbach Eq. (3): (3)
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Macromolecular Research where  is the total fraction of ionized carboxylic groups. Thelatter is calculated as =N+H, where N is the degree of neu-tralization, and H is the degree of auto-dissociation (N=[NaOH]/
Cp, H=([H+]-[OH-])/Cp, where Cp is the equivalent concentra-tion of the copolymer).
2.6. Static and dynamic light scattering and turbidimetryThe behavior of aqueous solutions of poly(NIPAAm-co-MAA)on heating was analyzed by the static (LS) and dynamic (DLS)light scattering and turbidimetry methods. Experiments werecarried out using the Photocor Complex instrument (PhotocorInstruments Inc.) equipped with the Photocor-DL diode laser(wavelength =658.7 nm), Photoсor-PC2 correlator with 288channels, and Photoсor-PD detection device for measuring thetransmitted light intensity. The solutions were filtered into dust-free vials using Millipore filters with hydrophobic PTFE mem-brane and pore size of 0.45 μm (Merck). The solutions were stud-ied at concentration c=0.015 g cm-3 in bi-distilled water. The pHwas changed within the interval from 1.7 to 11.2 by adding 1 NHCl or 1 N NaOH to the initial solution (pH=3.5). The solution temperature T was changed discretely withinthe interval from 10 to 60 °C, with the steps ranging from 1.0 °C(near cloud point) to 5 °C (at low T). The temperature was reg-ulated with the precision of 0.1 °C. The heating rate was about1.5 °C min-1. The procedure was as follows: after reaching thegiven temperature, the analysis of light scattering intensity Iand optical transmittance I* started. The hydrodynamic radius
Rh of dissolved particles was measured when I became inde-

pendent from time. The contribution of different types of parti-cles to the summary light scattering intensity was estimatedusing the value S of squares under the curved line of the corre-sponding peaks of the I distribution on Rh. The scattering anglewas 90°. In equilibrium conditions, when the characteristics ofsolution did not change with time, the angle dependences oflight scattering intensity I and the hydrodynamic radii Rh of thescattering objects were also analyzed in order to justify the dif-fusion process. The temperature dependences of the charac-teristics in question were plotted with experimental valuesmeasured after the equilibrium state achievement.Note that time teq required for equilibrium state achievementin aqueous solutions of poly(NIPAAm-co-MAA) after changingtemperature was not so large: teq was close to 500 s at low tem-peratures and about 3000 s near and within the phase separa-tion region. Such values are typical for linear thermo- and pH-sensitive polymers33-36 and much lower than teq for star-shapedpoly(2-isopropyl-2-oxazolines)37–40 and graft copolymers of poly-imide backbone and poly-N,N'-dimethylaminoethyl methacry-late side chains.41
3. Results and discussion

3.1. Preparation and characterization of poly(NIPAAm-
co-MAA)As largely recognized, poly(NIPAAm) is the most commonthermosensitive polymer for different applications since it pos-sesses a sharp phase transition at the temperature close to that

Figure 1. 1H NMR spectrum of poly(NIPAAm-co-MAA) in D2O. 
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of the human body. However, the behavior of polymers that would respondsimultaneously to two kinds of stimuli including temperatureand pH seems to be very attractive both from theoretical andpractical point of view. As follows, NIPAAm was copolymer-ized with the pH-sensitive MAA by free radical copolymeriza-tion in 1,4-dioxane. As confirmed by 1H NMR spectra (Figure 1),the co-polymer is generated. The molar ratio of the MAA in thecopolymer (17.49%) determined from 1H NMR is slightly higherthan that in the feed (16.67%) (Table 1). On the contrary, thevalue of MAA molar ratio in copolymer determined by conduc-tometry (16.16%) (Figure 2) is smaller than that in the feed(see Table 2). However, these differences between the compo-sitions in the feed and those determined by both methods arevery small and are included in the error limits of the methods. 

The potentiometric titration curve of poly(NIPAAm-co-MAA)together with the first derivative are presented in Figure 3(a).The carboxylic groups of MAA in the copolymer were added inprotonated state, then were titrated with 0.1 N NaOH. Poly(MAA)is known to possess anomalous pKapp behavior at low dissocia-tion degrees, which was interpreted as a conformational transitionfrom compact coil to extended coil or unfolding of the micro-domains formed by hydrophobic forces or hydrogen bonds42,43(Figure 3).In the case of poly(NIPAAm-co-MAA) with relatively lowamount of MAA units, this anomalous behavior was not observeddue to the lack of MAA-MAA sequences and to the hydrophilicityof the co-monomer (NIPAAm). The acid dissociation constant,pKa, could be obtained for this copolymer by extrapolation ofpKapp at =0 (Figure 3(b)), and the obtained value was pKa=5.3,showing low acid strength.
3.2. Molar mass determinationMolar mass Mw of the copolymer was determined using lightscattering in water solutions, with the addition of 0.5 M or 0.1 MNaCl to suppress polyelectrolyte effect. However, two modeswere observed in the solutions implying the presence of a smallamount of aggregates. The values obtained in two solvents provedto be close to each other, the average value being Mw=170,000Da. This value seems to be high for the investigated copolymer.The aggregates are likely to have contribute noticeably to theobtained Mw value. Note that pH was about 3.5. The effect of pHon the composition of the scattering objects in poly(NIPAAm-
co-MAA) aqueous solutions will be discussed below. Unfortu-nately, we failed to obtain a molecularly homogeneous copoly-mer solution in organic solvents as well.

Table 1. Co-monomer composition in the feed and in poly(NIPAAm-co-MAA) copolymer Co-monomer feed composition × 10-3 M(% mol ratio) Co-monomers in copolymer (% mol ratio) determined by1H NMR ConductometryNIPAAm MAA NIPAAm MAA NIPAAm MAA10 (83.33) 2 (16.67) 82.51 17.49 83.84 16.16

Figure 2. Conductometric titration curve of poly(NIPAAm-co-MAA).

Figure 3. Potentiometric titration curve of poly(NIPAAm-co-MAA) with 0.1 N NaOH (a) and pKapp vs. N (b).
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3.3. Dependence of phase separation temperature on solution
acidityThe behavior of the poly(NIPAAm-co-MAA) solutions in gen-eral is similar to that of thermoresponsive polymers, in particular,to the behavior of the previously studied poly(NIPAAm-co-MA).19,20,32 For all the investigated solutions, three temperatureintervals can be seen on the I(T) plot (Figure 4). First, there is aregion of constant or very slight increase of I, which extends fromlow (room) temperatures up to the definite temperature T1(interval I). In the second interval (II), a dramatic increase ofscattering intensity is observed starting from T1 up to the tem-perature T2, where scattering intensity is maximal. The third(III) interval (T>T2) is the region where I decreases.Region II can be considered as a phase separation interval, T1and T2 being the temperatures of the start and the terminationof phase separation, respectively. Phase separation is accompa-nied with the loss of solution transparency, which is controlled bythe decrease of the transmitted light intensity I* (Figure 4). Thestart of I* decrease, which takes place at temperature T*1, impliesthe beginning of the phase separation. The transmission I*achieves zero values at temperature T*2, which determines thetermination of the phase separation. The phase transition tem-peratures, obtained separately using I(T) and I*(T) plots foreach pH, practically coincided. That is why further discussionwill concern only T1 and T2.Temperature dependencies of I and I* were measured in awide pH interval from 1.7 to 11.2, and temperatures T1 and T2were determined for different pH values. Since poly(NIPAAm-
co-MAA) contains ionic carboxyl groups -COOH, the propertiesof its macromolecules in solution should depend on the mediumacidity.Figure 5 clearly demonstrates a strong effect of solution acidityon phase separation temperatures. The increase in pH leads toan increase in both T1 and T2, provided the surrounding mediumis acidic. At the same time the width of the phase separationinterval dT=T2-T1 does not change noticeably with pH, being dT=(6-7)°C. However, at pH>5.4 the value of T2 starts growing rap-idly, and at pH ≥ 6.5, T2 was not observed below the top mea-

surement temperature of 60 °C. The value of pH influences not only transition temperaturesbut also the course of the I(T) dependencies. At pH < 5.6 the Ivalue monotonically increases with temperature until it reaches
T2. However, at the values of pH ≥ 5.6, a small deflection frommonotonicity is observed (Figure 6). After reaching the maxi-

Figure 5. Dependence of T1 (circles) and T2 (triangles) on pH for aque-ous solutions of poly(NIPAAm-co-MAA) (hard symbols) and poly(NIPAAm-
co-MA) (open symbols).18

Figure 4. Dependences of relative intensity of scattered I/I0 and trans-mitted I*/I*0 light on T for aqueous solution of poly(NIPAAm-co-MAA)at pH=2.9. I0 and I*0 are the intensities of scattered and transmittedlight at 21 °C, respectively.

Figure 6. Temperature dependence of relative intensity of scatteredlight I/I0, aqueous solution of poly(NIPAAm-co-MAA) aqueous solu-tion at pH=5.6 (a) and 8.5 (b).
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mum, a short decrease in I turns into further rapid I increase.The pH, at which this peculiar poly(NIPAAm-co-MAA) behaviorstarts being registered, is quite close to pKa=5.3. This observa-tion makes it possible to suggest that the deflection from themonotonic I/I0(T) dependence is caused by the variation of theelectrostatic (ionic) balance in the solution.The position of the first (small) maximum (Tsmall max) and theminimum (Tmin) on the T(pH) dependence (Figure 7) is sym-batic to the T1 changes, and the temperature interval (Tsmall max-
Tmin) is always about 1-2 °C. This effect seems to require a specialstudy. However, an idea can be proposed regarding its nature.NIPAAm and MAA can establish inter- or intramolecular H-bondsbetween isopropyl substituted amino groups and carboxylicgroups. C=O and -NH- groups of poly(NIPAAm) can interact bymeans of H-bonds with -COOH of MAA. With the increase of T,the desolvation of NIPAAm units starts at T1, then at Tsmall max theH-bonds mentioned above break down. This improves the sol-ubility of the copolymer due to the ionized carboxylic groups ofMAA, hence the decrease of I is observed. Then, at further heat-ing, desolvation of NIPAAm units and aggregation of macromole-cules continues to decrease the copolymer solubility, which isaccompanied by the I increase. At pH < pKa the copolymer is partlyin neutralized state and probably cannot support the dissolution.
3.4. Composition of the scattering objects in poly(NIPAAm-co-
MAA) solutionsTo understand the change of I observed for the copolymersolutions under investigation, the analysis of dissolved entitiesresponsible for light scattering in poly(NIPAAm-co-MAA) solu-tions was carried out. Two or three modes were registered, depend-ing on the temperature and pH. Their hydrodynamic radii willbe denoted as Rh

f, Rh
m and Rh

s for the fast, middle and slow modes,respectively. Taking into account the literature data37,38,44,45 andour previous experience,19,20,32 the slow and the middle modes canbe attributed to loose aggregates and micelle-like structures,respectively.First, let us consider the solutions at temperatures far below
T1. Figure 8 demonstrates the dependence of Rh

f, Rh
m and Rh

s inpoly(NIPAAm-co-MAA) solutions at room temperature (T=21 °C)

on pH. Within the region of high acidity (pH≤4.4), only twomodes were registered. Alternatively, at larger pH values (pH > 4.4),three types of scattering entities are present in poly(NIPAAm-
co-MAA) solutions.As seen in Figure 8, the value of Rh

s increases with pH growthfrom Rh
s=60 nm at pH=1.8 and then decreases up to 220 nm,with the maximum (Rh

s=760 nm) at pH=7.9. The increase of Rh
svalues is probably conditioned by the worsening of the ther-modynamic quality of the solution. Then, at high pH the aggre-gates can be partially destroyed because of the electrostaticrepulsion of macromolecules (and ionization of NH of the NIPAAmamino groups which become weakly positive), and Rh

s decreases.Notably, the course of the Rh
s changes with the change of pHseen in Figure 8 reminds of the dependence of T1 on pH (Figure 5).The common features of these dependences will be discussedbelow.In neutral and basic surrounding medium with pH≥4.4, thehydrodynamic radii of the fast and medium modes are inde-pendent of pH. The average values are Rh

f=(2.5±0.4) nm and
Rh

m=(34±4) nm. Such the Rh
f values could be attributed to themacromolecules (macromolecular unimers). As mentioned above,at pH≤4.4 only two modes were registered, namely, the slowmode and the mode whose radius Rh

x is about 7 nm (let us call itthe x-mode). Regarding the nature of this mode, the followingassumption can be made. It could involve small aggregates whichare formed based on H-bonds. H-bonds in poly(MAA) play amajor role in macromolecular behavior in acidic medium, becausethey are stabilized by hydrophobic interactions of methyl groups. Inthese conditions, they form cyclic intramolecular structuresand aggregation of macromolecules.43,46 Thus, at low pH therecan be strong intra- and intermolecular interactions, due to H-bondsbetween the COOH- groups. The highly protonated poly(NIPAAm-
co-MAA) macromolecules seem to be associated/aggregatedbecause of the interaction characteristic for poly(MAA), and atpH<5 the polymer molecules can unite into small compactstructures (small aggregates). These structures are stabilizedby H-bonds, which can arise between amide fragments ofNIPAAm and carboxyl groups of MAA.21 This process can becomplemented by interactions between NIPAAm and the sol-vent, resulting in, as shown in,47 some chain uncoiling.

Figure 7. Dependence of T1, (circles) Tsmall max (rhombs) and Tmin (trian-gles) on pH for aqueous solution of poly(NIPAAm-co-MAA). Figure 8. Hydrodynamic radii of fast (1), middle (2), slow (3) and x- (4)modes at different pH for aqueous solution of poly(NIPAAm-co-MAA).
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Macromolecular Research The second possible reason for the x-mode presence can beconcealed in the DLS instrument resolution. If hydrodynamicradii of scattering species differ by less than 3-4 times, theircorrelation functions cannot be resolved. In our case, the modewith Rh
x could be a superposition of the fast and middle modes.At the same time, the decrease of Rh

m value can be expected atacidity increase. Consequently, the size of middle-mode parti-cles changes with pH in the same manner as the hydrodynamicradius of the slow mode.At heating above T1, the composition of the scattering spe-cies and their size change strictly in accordance with registeredincrease of I values. For example, Figure 9(a) demonstrates theprogress of such changes observed at pH 4.4. Here, below thephase separation region (T<30 °C), only fast and slow modesare present in solution. As the T value increases above T1, the thirdmode appears, demonstrating mean hydrodynamic radius Rh
m=44 nm. Alternatively, at pH≥5.04, three modes are presentalready at T<T1 (see Figure 9(b) as an example). At all pH val-ues, the values Rh

s start to increase rapidly as T increases above T1.The increase is caused by further aggregate formation. Reduc-tion of Rh
s value can be explained by the compaction of copoly-mer molecules due to the increase of hydrophobic interactions.The contribution of each mode to the scattered light inten-sity can be estimated from the area under the correspondingpeak on the I(Rh) dependencies. They are marked as Sf, Sm, Ss,and Sx for the fast, middle, slow and x-modes, respectively. Themode contributions are the functions of pH. For all the investi-gated solutions, the values of Sf, Sm, and Ss do not depend on temperature at T<T1. However, above T1 the solution composi-tion changes with temperature, and the character of these changesdepends on the medium acidity. Within the temperature region T<T1, at pH<4.4, the lightscattering from the mode with Rh

x prevails (Figure 10(a)). Atfurther heating, the ratio between the contributions of x-modeparticles and aggregates alternates at the phase separationpoint (T1). Here the portion of light scattered from aggregatessharply increases. The increase of aggregates’ contribution to lightscattering is undoubtedly caused by intensive aggregation at
T>T1, when the size of aggregates rapidly increases (Figure 9).The amount of aggregates is also likely to increase. However, toprove this we need to know not only their contribution to thelight scattering, but also the shape and density of all types of thescattering particles present in the solution, which cannot beknown in advance. In the medium close to neutral (pH≥4.4), the contribution ofaggregates is dominant already at temperatures below T1. Atheating above T1, the value of Ss increases rapidly again (Figure10(b)), implying total aggregation over the phase separationinterval, the Sf and Sm values decrease, respectively.
3.5. Discussion and comparison of double responsive
properties in water solutions of MAA and MA copolymers
with NIPAAmThe influence of pH on thermosensitivity of the poly(NIPAAm-
co-MAA) is conditioned by hydrophilic-hydrophobic balanceFigure 9. Hydrodynamic radii of fast (1), slow (2) and middle (3)modes at different T for aqueous solution of poly(NIPAAm-co-MAA) atpH=4.4 (a) and 5.6 (b).

Figure 10. Contribution of fast (1), slow (2), middle (3), and x- (4)modes at different T for aqueous solution of poly(NIPAAm-co-MAA) atpH=1.7 (a) and 5.6 (b).
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change with ionization or protonation of macromolecules. Anessential role in the character of this dependence is played byMAA units of the copolymer due to the presence of carboxylicgroups. In the protonated state of the MAA units, the solubilityas well as thermal sensitivity of the copolymer is conditionedmainly by the NIPAAm comonomer. When the MAA carboxylicgroups become ionized, the solubility of the copolymer increases,and the phase separation interval shifts to higher tempera-tures until the pH=7.9 is reached. At pH>7.9 the value of T1decreases (Figure 5). As noticed above, the similar progress ofpH dependencies was observed for Rh
s (Figure 8) and the tem-peratures Tsmall max and Tmin (Figure 7). It can be assumed that such dependencies are caused bysome sensitivity of NIPAAm units to changes in pH. The effectof pH on poly(NIPAAm) network swelling was already reported.48The swelling ratio and the LCST of poly(NIPAAm) and poly(NIPAAm-co-acrylic acid) hydrogels proved to decrease at pH1-7 and alternatively, increase at pH>7. This pH sensitivity issupported by the presence of isopropyl substituted amide groups.They produce H-bonds that are destroyed in strong acidic orbase media. In neutral conditions, H-bonds of such type play asignificant role in forming aggregates between the poly(NIPAAm-

co-MAA) macromolecules.Surprisingly, the small differences in the chemical formulasof MA and MAA result in noticeably different behavior of theircopolymers with NIPAAm. Let us consider the MA and MAAstructural peculiarities. First, the MA unit contains two carbox-ylic groups, whereas MAA, only one. Second, the MAA unit includesa hydrophobic methyl group. The latter feature is responsiblefor the specific behavior of poly(MAA) in aqueous solutions.31,32,43However, the content of the anionic comonomer seems to benot high enough in the copolymer under discussion to signifi-cantly affect the common properties.The dependence of phase separation temperatures on pH forpoly(NIPAAm-co-MA) was plotted in Figure 5 (curve 2) usingthe data from19 to compare them to those for poly(NIPAAm-co-MAA) (curve 1). There is a noticeable difference in poly(NIPAAm-
co-MAA) phase separation behavior as compared to that ofpoly(NIPAAm-co-MA). First, in the acidic region both T1 and T2for poly(NIPAAm-co-MAA) are lower, and the phase separationtemperature interval is wider than the corresponding intervalfor poly(NIPAAm-co-MA). The presence of -CH3 group in MAAunit gives rise to downgraded phase separation temperatures,where both copolymers are protonated. In this region of low pH,the increased width of the phase separation interval is proba-bly caused by better solubility of the copolymer.Further, T1 values increase more rapidly in the case ofpoly(NIPAAm-co-MAA) than that of poly(NIPAAm-co-MA), andbecome higher for the former in the neutral and basic regions.Apparently, the smoother T(pH) plot obtained for poly(NIPAAm-
co-MA) is conditioned by two neighboring carboxylic groupsensuring two pKa values.Third, the dependence T1(pH) obtained for poly(NIPAAm-
co-MA) is monotonic, unlike that for poly(NIPAAm-co-MAA),where the maximum is observed in the conditions close to neu-tral. As discussed above, the extreme dependence of the copo-lymer is probably caused by the pH-sensitivity of NIPAAm unit.

The question why the same phenomenon is not demonstratedin the case of poly(NIPAAm-co-MA) is a challenge for a sepa-rate study.
4. ConclusionsThe analysis of the experimental data obtained during theinvestigation of statistic linear copolymer poly(NIPAAm-co-MAA)aqueous solutions (c=0.015 g cm-3) confirms that introductionof MAA monomers leads to the arisal of the double tempera-ture and pH-responsiveness. At room temperature, the dimen-sion of scattering objects and their fraction in solution dependon the pH. In particular, the radius of aggregates increases withpH increment due to the worsening of copolymer solubility. Onheating, the hydrophilic-hydrophobic balance changes becauseof NIPAAm units desolvation and ionization/protonation ofmacromolecules. Consequently, phase separation in poly(NIPAAm-
co-MAA) aqueous solutions takes place. The temperatures ofthis transition and the width of the phase separation intervalsstrongly depend on the pH.Our present and previous works19,20,32 have discovered thatpoly(NIPAAm) with statistically embedded acidic units can dis-play different thermo- and pH responsiveness in spite of theirsimilar structures and relatively small amount of anionic comono-mer along the copolymer chain. It has been shown that thephase separation temperatures for poly(NIPAAm-co-MAA) arelower than those for poly(NIPAAm-co-MA) at pH<5.6. At thesame time, the starting temperature of phase separation growsmore rapidly for poly(NIPAAm-co-MAA) than T1 for poly(NIPAAm-
co-MA). For poly(NIPAAm-co-MAA) the dependence of T1 onacidity reaches the maximum under the conditions close toneutral, while for poly(NIPAAm-co-MA) solution this tem-perature increases monotonically with the pH increase.As a consequence, poly(NIPAAm-co-MAA) proved to be moresensitive to pH change than poly(NIPAAm-co-MA), in a widepH region, but the thermosensitivity of poly(NIPAAm-co-MA)is manifested within the temperature range which is closer tophysiological. However, it should be taken into account that theresponsive behavior of the model systems will change in morecomplicate media containing salts, drugs, etc.
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