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New pH- and them,o-responsive hydrogels (HG) were synthesized by free radical polymerization of N-isopropylacry lamide 
and a macromonomcr, which was a hydrolyzcd random copolymcr of 2-carboxycthyl- and 2-mcthyl-2-oxazolinc, using a 
bisacrylamidc as crosslinkcr. Thc polymcrization was carricd out in a mixture of water and cthanol at room tcmpcraturc and 
was initiated by ammonium peroxodisulfute. The HG showed confom,ationa l transitions with va,iation oftemperature and/or 
pH-value and as a function of hydrogel composition. This property was shown macroscopically as hydrogel contraction or 
expansion. Thc HG stnictures were charactcrizcd by high-rcsolution magic anglc spinning (HRMAS) NMR spectroscopy. 
The thennal propert ies, in particular the lower critica! solution temperatures, were detem1ined by temperature-dependenl 
HRMAS NMR me-asurements and diAerent ial scanning calorimetry. The pH responsibility was detennined by swelling 
experiments in water at different pH valucs. 
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l. lntroduction 

In recent years, one of the most intensively investigated 
fields iJ1 polymer chernistry is the synthesis of responsive 
macrornolecules with potential application in the field of 
biomaterials.[1-4] Polymers suitable for this purpose are, 
for cxample, homopolymers, copolymers, and hydrogels 
(HG) of N-isopropylac1ylamide (NiPAAm). These 
polymers exhibit, in aqueous solution, a conformational 
transition in a narrow temperature range at which they 
drastically change their physical properties from 
hydrophilic to hydrophobic (or vice versa) leading to pre
cipitation (or dissolution) in the aqueous medium.[4-6] 
This phenomenon is known as lower critica) solution 
temperature (LCST). In the case of poly(NiPAAm), this 
temperature is around 32 º C, which is close to the human 
body ternperature, and so there is much interest in the use 
of polymers based on NiPAAm for the preparation of 
therrno-sensit ive biomaterials. The transition temperature 
of poly(NiPAAm) can be varied toward higher or lower 
than 32 º C through copolymerizat ion of NiPAAm with 
hydrophilic or hydrophobic comonomers, respectively, or 
also by the addition of surfactants substances or inorganic 
salts.[5,6] 

Hydrophilic comonomers of interest are e.g. 2-oxazo 
lines. 2-Oxazolines are heterocyclic substances whose 
polymerization has received intensive research till today. 

*Corrcsponding author. Email: voit@ipfdd.de 
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[7- 27] The polyoxazolines can be prepared th rough a 
ring-opening cationic polymerization by initiators, such 
as Bronsted or Lewis acids, methyl tosylate and triflate, 
as well as alkyl ha lides, among others. 

Under appropriate reaction conditions (high purity of 
monomers and solvents, and elimination of nucleophi lic 
substances, such as amines, alcohols, and traces of mois
ture), the polymerizat ion of 2-oxazolines proceeds in a 
' living ' fashion without terrnination or chain transfer 
reactions, and thus the molecular weight and its distribu
tion, as well as the functionality of these polymers, can 
be predetennined from the start of polymerization. 
Likewise, various polymer architectures can be 
developed, such as block and graft copolymers, star 
polymers, etc.[ 1 O, 11] 

Sorne polyoxazol ines, as polymethyloxazoline, have 
hydrophilic character while others, as for example 
polynonyloxazoline, have hydrophobic character. In 
recent years, our research group has developed, based on 
NiPAAm and 2-oxazolines, different polymer structures 
soluble in water and sensitive to temperature and pH, 
[20-23] which formed stable and revers ible micelles, and 
the formation of double-responsive nanogels by irradia
tion wi th electrons was demonstrated. 

HGs provide a unique multi -functional ity in the field 
of micro-electromechanical microfluidic systems.[28,29] 
Such bi-sensitive HGs are the basic components for 
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cha ins and pH-sensitive side chains. 

microfluidic systems as microvalves, micropumps, and 
hydrodynamic trans istors.[29] 

In this paper, we present novel HGs (Scheme 1) 
based on NiPAAm and a 2-oxazoline macromonomer 
(MM), functionalized with carboxylic acids, with the 
property of being simultaneously sensitive to temperature 
and pH. 

2. Experimental part 

2.1. Materials 

Chloro111ethylstyrene (CMS) (Aldrich, mixture of isomers 
70 11101% meta and 30 11101% para) was bi-dist illed before 
use. 2-Methoxycarbonylethyl-2-oxazoline (MEtOxa) was 
synthesized by a method described in the literature 
[22,30] and was distilled over calciu111 hydride before 
use. N-isopropyl acrylamide (Aldrich) was recrystall ized 
twice in ethanol. Benzonitrile and 2-methyl-2-oxazoline 
(MeOxa) (Aldrich) were distilled twice over calciu111 
hydride before use. Ali other substances and solvents 
were of high purity and were used as received. 

2.2. Synthesis of MM 

The MM was synthesized vía statistical ring-opening 
cationic copolymerization of MeOxa and MEtOxa 
initiated by CMS in the presence of sodiu111 iodide. The 
polymerization was carried out in acetonitrile at 80 º C, 
similar to the method described in the literature.[18] 
About 2.51 g (29.5 11111101) MeOxa, 4.63 g (29.5 11111101) 
MEtOxa, and 1.0 g (6.67 11111101) Nal were disso lved under 

nitrogen in 15 mL of acetonitrile and to this mixture 
O.SO g (3.27 11111101) CMS was added. The reaction mixture 
was heated for 7 h, and after this ti111e the polymerization 
was terminated with a solution of KOH in methanol. The 
obtained MM was purified by standard methods (yield: 
98%). The MM was a statistical copolymer of MEtOxa 
and MeOxa with a polymerization degree of 21 
(M,, = 2400 ± 150) and a content of 52.5 mol% of MEtOxa 
and 47.5 mol% of MeOxa (ratio MEtOxa/MeOxa = 10/ 11) 
as determined by 1H NMR spectroscopy. 

1H NM R (CD3OD): (5 2.0- 2.25 (CH3), 2.60 
(CH2COOCH3), 2.6- 2.8 (COCH2), 3.4- 3.8 (NCH2CH2), 
3.65 (COOCH3), 4.68 (Ar-CH2), 5.25 and 5.82 (CH2=), 
6.75 (=CH- ), 7. l- 7.5ppm (H.,.). 

2.3. Hydrolysis of MM 

A mixture of 1.5 g MM, 90 mL 0. 1 N aqueous NaOH, 
and 30 mL methanol was stirred at 55 ºC for 7 h. The 
hydrolyzed macromonomer (HMM) was purified by dia l
ysis using Zellu Trans membrane (Carl Roth GmbH, 
MWCO: 1000) in de ionized water (exchange water three 
ti111es) at room temperature for three days and then 
freeze-dried. 

1H NMR (CD3OD): o 2.0- 2.2 (CH3). 2.47 
(CH2COOH), 2.66 (COCH2), 3.4-3.8 (NCH2CH2), 3.67 
(CH2OH), 4.66 (Ar-CH2), 5.25 and 5.79 (CH2=), 6.74 
(=CH-), 7.1 -7.5 ppm (H.,). 

13C NMR (CD3OD): o 21.3 (CH3), 30.4 (COCH2), 
33.4 (CH2COOH), 44-48 (NCH2CH2), 52.3- 54.0 
(Ar- CH2), 61.0-61.5 (CH2OH), 114-1 15.5 (CH2=), 
125- 131 (both CH,r), 137- 140 (both c.,), 137.8 (-CH=), 
173.8 (COCH3), 175.7 (COCH2), 180.6 ppm (COOH). 

2.4. Synthesis of HG 

The typical procedurc is as follows: under a dried nitrogen 
atmosphere, a mixture of 0.27 g macromonomer HMM, 
O.SO g NiPAAm, 0.019 g N,N'-methylene bisac1ylamide 
(BIS), 0.015 g N,N,N',N'-tetramethylethylene diamine 
(TEMED), and O.O 15 g anunonium peroxodisulfate in 
3 mL of solvent (water/ethanol 1 / 1 v/v) was stirred at 
room temperature until gelation occu1Ted (normally in 
I0min or less). The hydrogel was maintained in the 
reaction medium for 1 Oh more at room tempera tu re. After 
polymerization, the hydrogel was purified in a Soxhlet 
system, successively using ethanol and water as extraction 
solvents. Finally, the gel was dried at 40 ºC under vacuum 
until wcight becomes constan!. Thc experimental deta ils 
and results are summarized in Table 1. 

1H NMR (D2O): o 1- 2.5 (CH and CH2 of the 
backbone), 1.15 (CH(CH3)z), 2.07 (COCH3), 2.43 
(CH2COOH), 2.59 (COCH2), 3.2-4.0 (NCH2CH2), 3.91 
(CH), 4.58 (Ar-CH2), 6.8- 8.1 ppm (Ha.., residual NH). 
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Table l. Composition and characteristics of HG from HMM and NiPAAm. 

NiPAAnv'HMM 

HG HMMº [mol x 105
) NiPAAm" [mol x 105) BISº [mol x 105

) Thcor. Exp.b Gel contcnt" [wt.%) OS" [mUg) 

HGI 11.2 442 12.3 39 70 50 75 
HG2 8.5 442 12.3 52 100 83 60 
HG3 5.6 442 12.3 79 140 89 42 
HG4 4.0 442 12.3 11 1 200 79 21 
HG5 2.5 442 12.3 176 310 85 18 
HG6 11.2 442 7. 1 39 85 87 163 
HG7 8.5 442 7.1 52 100 76 130 
HG8 5.6 442 7.1 79 150 75 69 

' Molar fet.'d of HMM, Ni PAAm. all(I BIS in reaction system . 
bMolar ratio NiPAAm/HMM as calculated from 1H HRMAS NMR signa! integrals. Estimated relative erro,~ ± 10%. 
ºOboaincd insoluble produc1s aficr cx1raction in wt.% base.el on 1hc wcigh1 of all s1arting monomcrs. 
'
1Degree of swelling: DS = (W2 - W1)/pW2• where W1 and W2 are tite weigltts of dried and swollen ge l in water. respectively, and p is tite density of 
water mcasurcd at 25 ºC and pH = 5 .6. 

2.5. Swelli11g properties 

The swelling equilibrium in water of the obtained 
hydrogel was dete1mined as follows: 0.1 O g of dried 
hydrogel was immersed in 50 mL of deionized water at 
room temperature for 24 h. The swollen hydrogel was 
weighed after gently removing excess water with filler 
paper. The swelling degree was calculated from equation 
(W2 - W1)/pW2, where Wt and W2 are the weights of 
dried and swollen gel, respectively, and p is the density 
of water which is near I g mL _ , _ 

2.6. Meas11re111e11ts of geometrical di111e11sitm of 
hydrogel in j i111ctim1 of pH 

The height of a piece or fragment of hydrogel was 
measured at different pH values at 25 ºC. Thus, the 
expansion or contraction of hydrogel at different pH 
values was detennined approximately in comparison to 
the hydrogel height at pH = 5.6. 

2. 7. A11alytical 111eas11reme11ts 

The NMR measurements were carried out on a Bruker 
Avance lll 500 NMR spectrometer operating a t 
500.13 MHz for 1H and 125.75 MHz for 13C. The spec
tra were acquired at a tem perature of 30 ºC and refer
enced to the solvent peak (CD3OD: 0(1 H) = 3.31 ppm, 
o(1 3C) = 49.0ppm). A 4 mm 1H/13Ct2H high-resolution 
magic angle spinning (HRMAS) gradient probe was 
used for measurements on swollen HGs. Here, the 
sample (ca. 3-4 mg) was packed into a 4 mm HRMAS 
rotor (90 r1L sample volume) and D2O was added to 
the hydrogel directly inside the rotor. In ali experi
ments, samples were spun with 4.5 kHz. The spectra 
were referenced on the signal of the CH3 group of the 
NiPAAm comonomer (o(1H) = 1.15 ppm). 

The temperature in the probe was controlled by the 
Bruker variab le temperature accessory BVT-3000. 

Temperature-dependcnt measurements on a HRMAS 
rotor fi lled with 80% 1,2-ethanediol in DMSO-d6 were 
carried out to determine the temperature in the rotor from 
the chemical shift d ifference of the OH and CH2 

protons' signals according to Ref. [31). 
The differential scanning calorimetry (DSC) 

measurements were performed on a DSC 204 F I Phoe
nix of Netzsch in the temperature range of -20- 80 ºC at 
a sean rate of ± 2 K min _ , in screwed s teel pans to 
preven! the overlapping process of vaporization of water. 
The transition temperatures T,, were determined using 
the peak maxima of the 2nd heatiJ1g run. 

3. Results and discussion 

3.1. Synthesis of MM 

The MM was synthesized by ring-opening cationic 
polymerization of an equimolar mixture of Meüxa and 
MEtOxa initiated by CMS in acetonitrile in the presence 
of sodium iodide (Scheme 2). 

As already discussed in a previous paper for a similar 
polymerization system, in this case, it is postulated that 
the real initiator species is iodomethylstyrene which is 
formed in situ as a product of reaction between CMS 
and sodium iodide.[ 18] The iodomethylstyrene initiates 
the polymerization of MEtOxa and MeOxa, and because 
the react ivity of these monomers is s imilar [21 - 23] 
fi nally a statistical copolymer of these monomers is 
fo1111ed which contains a vinyl group at the one chain 
end (starting group) and a OH group at the other chain 
end, because the polymerization has been termiJiated by 
KOH i.n methanol. (32) The stiucture of MM was 
confi1111ed by I H NMR spectroscopy. 

The ester groups of macromonomer MM were 
hydrolyzed under mild condi tions with aqueous sodium 
hydroxide solution (0. 1 N NaOH, 55 ºC, 7 h) to avoid thc 
hydrolysis of the amide groups (Scheme 2). 
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Complete hydrolysis was verified by NMR spectros
copy. Thus, the disappearance of the methylester signa) at 
3.65 ppm in the I H NMR spectrum (Figure 1 (a)) and at 
52.2 ppm in the 13C NMR spectrum (22) confim1s 
successful hydrolysis. The copolymer composition was 
determined from signa! integrals of Hr and Hg (acid form, 
2-carboxyethyl-2-oxazoline (CEtOxa)) and He (MeOxa) 
giving a content of approximately 47.5 and 52.5 mol%, 
respectively, for both monomers, fitting well to the 
equimolar ratio used for polymerization. Relating these 
integrals to the integrals of the styryl-type starting group 
resul ted in a degree of polymerization of 11 ~ 2 1 
(M,, = 2400 ± 150 g/mol) which is in good agreement with 
the theoretical value (11 = 18). This result evidences the 
living copolymerization of both monomers. The relatively 
low reaction temperature (80 ºC), a relat ively short 
reaction time, and the dilute reaction mixture prevent the 
premature polymerization of the vinyl groups.[ 18) 

After hydrolysis, the carboxylated groups of the MM 
(HMM) were neutralized to pH of 5.6 which corresponds 

(a) 

Har a 
b ,,---.... 

to a carboxylate/carboxylic acid rat io of about 1 (degree 
of neutra lization 50%).(23) 

3.2. Sy11thesis of HG 

The HGs were obtained by free radical copolymerization 
of MM HMM, NiPAAm, and BIS keeping the molar 
content of the HMM between 0.5 and 3 mol% and BIS 
below 3 mol% (Table 1). The polymerization was carried 
out at room temperature in an equal per volume mixture 
of water and ethanol and was initiated by a redox 
initia tor system based on ammonium peroxodisulfate in 
the presence of the catalysator TEMED (Scheme 3). 
Different HGs were synthesized with variations in the 
molar ratio of NiPAAm/HMM. The gelation was always 
relatively rapid and produced transparent HGs in 10 min 
or less, but the HGs were maintained in the reaction 
medium for additional I O h. The reaction product was 
extracted to remove ali soluble fractions . Thus, usually 
75- 89 wt.% of insoluble hydrogel was obtained with 

g 

o 

l'' '''''''l''''"'''l'''''' '''l'''''' '''l'"'''"'l'''''''' 'l'''''''''l''' ' '''''l'''''''''I 

(b) 

9 8 7 6 5 4 3 2 1 O 

h,Har ~ 1 _____ JU 

d,d' 
---, 

g 

-k 

7 

1''''' ' '''1'''''''''1'' ' ''''''1'''''''''1'' ' ''''''1'''''''''1'' ' ''''''1''' ' '' ' ''1'' ' ''''''1 
9 8 7 6 5 4 3 2 1 O 

o(1H) ppm 

Figure l. (a) 1H NM R spectrum of the hydrolyzed macromonomer (HMM; solvenl: CD3OD) and (b) 1H HRMAS NMR spectnun of 
hydrogel 1 (HG 1; solvenl: D2O). No signals of 1he crosslinking uni1s could be observed. 
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Scheme 2. Synthesis and subsequent hydrolysis of MM. 

+ 

TEMED 25 ºC 
Ammonit11n Peroxydisulfate l \Vater/Ethanol 

Schcmc 3. Synthcsis of hydrogcl (HG). 
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regard to the starting material. Table I summarizes the 
detai ls and the results. 

The characterization of the HG swollen in D20 by 
1 H HRMAS NMR spectroscopy confirms the expected 
hydrogel structure. Figure 1 (b) depicts the spectrum of 
hydrogel 1 (HG 1 ). Whereas the low content of cross
linker BIS which could not be proved due to its 
restricted mobility at strained crosslinking points, the 
interjacent poly(NiPAAm) chains and the polyoxazoline 
side chains can be well observed. The ratio of NiPAAm 
and HMM units was calculated from the signa! integrals 
of H; (NiPAAm) and Hd.d' (HMM). Despite the relatively 
large e1TOr caused, for example by line shape and signa! 
overlap, it is obvious that for ali HG the content of 
HMM is significantly lower than expected from the 
monomer feed ratio (Table 1). This result was expected 
because the NiPAAm, as low molar mass monomer, 
polymerizes more rapidly than the macromonomer HMM 
although the styrenic chain end is probably slightly more 
reactive than NiPAAm.(20) The styrene group is the 
start ing group and a pan of each HMM chain. Therefore, 
incomplete styrene functionalization cannot be the reason 
for the low incorporation of HMM into the hydrogel. 

Thus, HGs resulted where the molar ratio 
NiPAAM/HMM varied between 31 O and 70 which cor
respond to the weight contents of HMM i.n the hydro
gel between 6.2 and 22.3 wt.% (Table 2). 

Next, absorption tests in water were done with the 
HG (Table 1 ). So, it was detem1jned that water 
absorption increases with the decrease of molar ratio 
NiPAAm/HMM (cp., e.g., HGI and HG5), because the 
hydrophi licity of macromonomer HMM with polar 
carboxylate and carboxylic groups is higher than that of 
poly(NiPAAm). Also, for samples with the same molar 
ratio NiPAAm/HMM (cp., e.g., HGI and HG6), the 
water absorption of HG was higher with a decrease of 
BIS, because in th is case the crosslinking density of the 

hydrogel is lower. In sorne cases (HG6 and HG7), water 
absorption of more than 100% was in the range of super
absorbent materials. 

The HG showed sensitivity to temperature because of 
the poly(NiPAAm) segments, and iJ1 addi tion they are 
also pH-sensitive because of the hydrolyzed polyMEtOxa 
segments. The confonnational transitions associated with 
these responses were detected by a macroscopic change 
in the HG geometrical dimensions by volume contraction 
or expansion. The dimension of change was dependen! 
on the molar ratio NIPAAm/HMM inside the hydrogel. 

The thermal confom1ational transitions ofthe HG were 
measured with 1H HRMAS NMR spectTOscopy and DSC 
(Table 2). The srudy of phase trans ition of aqueous poly
mer solutions and gels and the determination of LCST 
temperature by NMR spectroscopy is a well-introduced 
method (33) for poly(N iPAAM)-based polymers contain
ing polyoxazolines.(20,22,23) The I H NMR spectra of the 
HG swollen in D20 show no restricted mobility neither 
for the poly(NiPAAm) nor for the polyoxazoline moieties 
at temperatures ~ 33 º C (Figures 1 (b) and 2). With 
increasing temperature, the transition of the coiled 
structure of the poly(NIPAAm) moiety to a globular- like 
structure results in a marked decrease in the integrated 
intensity of ali poly(NIPAAm) signals (Figure 2(a), -
CHR-CHi- backbone and Hk), whereas the polyoxazoline 
side cham signals remain almos! unaffected (He - Hg), 
This phase transition can be best followcd for the mcthyl 
groups' signa! k (Figure 2(b) and (e)). The transition tem
perature T1r was determü1ed at 50% height of signa! k 
compared to the signa! height at 26 ºC (Figure 2(c), 
Table 2). Furthermore, the temperature at 10% height was 
detem1ined (Figure 2(c), Table 2). The temperature 
difference between T1, and T1o% g ives a measure for the 
steepness of the phase transition. 

The transition temperatures T,, show a slight 
dependency on the HMM content, going up from 33 to 

Table 2. Conformational trans itions of the HG in dependence of the composition as detem, ined by 1H HRMAS NMR spectroscopy 
and DSC . 

HMM contcnt BIS contcnt• Dcgrcc of swclling° T,, (NMR)" T10% (NMR)" t.T (NMR)" T1r (DSC/ 
HG (wt.%] [mol%] [rnL g- 1

] (ºC] [ºC] [K] [ºC] 

HGI 22.3 2.7 74 365 44 7.5 38 
HG2 16.2 2.7 60 36 43 7 37 
HG3 12.6 2.7 42 35 40 5 37 
HG4 9.1 2.7 2 1 36 41 5 36.5 
HG5 6.2 2.7 18 33 36 3 35.5 
HG6 19.6 1.6 163 37 45 8 38.5 
HG7 16.9 1.6 130 36 46 10 36 
HG8 12.5 1.6 69 35 40 5 37 

"Molar fccd or HMM, NiPAAm. and BIS in rcac1ion sys1cm. 
bDegree of swelling: DS = (W2 - W1YpW2, where W1 and W2 are the weights of dried and swollen gel in water, res¡>ec1ively, and p is the specific den
sity of water. Measured at 25 ºC and pH = 5.6. 
•oc1cnnincd from tcmpcra1urc-dcpendc111 1H HRMAS NM R mcasurcmcn1s (Figure 2(c)): T., at 50% maximum signa! hcight; r,O', a1 10% maximum 
signa! heigh1: t,.T= T'°'' - T,, 
dDSC: 7;,=thc peak maximum 1cmpcrarurc (2nd hca1ing). 
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(a) (b) 

k 

-CHR·CH2• 
7 

g e T('C) 
f 

66 

52 

44 

37 

26 

3.0 2.0 1.0 1.4 1.2 

6(1H) 

1.0 0.8 

(e) 

T('C) 

66 

58 

52 

50 

48 

46 

1.2 

1(100%) 

3s•c 

1(50%) 

T•• ~~;fC 

« ·e 

1(10%) 

1.0 

ppm 

Figure 2. Tcmpcraturc-depcndcnt 1H HR.J\llAS NMR spcctra of hydrogel 1 (HG 1) swollen in 0,0. (a) Region showing the diffcrent 
elTects on signals of the polyoxazoline side chains (H0 - Hs) and o r the main chain containing 95 mol% NiPAAm un its 
(- CHR-CH2 , Hk)- (b) and (e) cxpandcd region of thc methyl protons' signal, Hk, with indicatcd signa! hcights of 100, 50, and 10%. 
Tir was dctcnnincd at 50% signal hcight. Thc tempcraturcs givcn in (b) wcre applicd for ali samplcs. Additionally, mcasurcmcnts 
were canied out at 28, 32, 55, and 62 º C (1101 shown). 

37 º C. Wi th the increase in the number of hydrophilic 
s ide chains (HMM), the trans ition tcmperature of 
PNiPAAm segments in the hydrogel increased, as 
a lready discussed in a previous paper for a s im ilar but 
not cross linked system.(20) But here, we have a theoreti
cal length of poly(NiPAAm) segments behveen two 
crosslinks of 18 (HG 1- HGS) and 31 (HG6- HG8) mono
mer units, respectively. Only less than 30% of the poly 
(PNiPAAm) segments statistically conta in a hydrophil ic 
HMM side chain. We can assume that the temperature of 
the collapse of main chain segments is caused not only 
directly by the NiPAAm copolymer chains but also by 
the concentration of HMM in the closed volume of the 
HG. T he hydrophilic HMM side chains reduce, wi thout 
covalent connection to the NiPAAm units, the thermal 
transition of the poly(PNiPAAm) segments since they 
provide a more polar environment. At constan! BIS 
content, the amount of incorporated HMM in the hydro
gel determines strongly the degree of swclling . Thus, the 
highest dcgrce of swell ing (measured a t pH 5.6) of 163 
was observed for 1.6 mol% BIS and 19.6 wt.% HMM 
(HG6), whereas the lowest DS with 18 corresponds to 
HG5 with 2.7 mol% BIS and only 6.2 wt.% HMM. 

T he broad distribution of segment length in the 
network and the statistical spatial d istribution of HMM 

segments cause broadening of the transition range (see 
F igures 2 and 3). 

T he confonnational trans11tons were also measured 
by means of DSC (Table 2 and Figure 3). T he T1r values 
were in agreement w ith the NMR values and ali trends 
observed wcre the samc. 

10.01 W/g 

HG8 

I HG 7 

1 l·IG 6 
¡ 

? 
2:, HG 5 

" o 
,:: HG4 

-ª HG 3 

HG 2 

HG 1 

20 25 30 3~ 40 45 50 55 60 

Temperature (ºC) 

Figure 3. DSC measurements: the LCST bchavior of HGs 
HG I- HG8 in hennetic closed sample pans determined from the 
2nd heating run. 
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Table 3. Swclling charactcristics (DS) of HG at variable HMM contcnt. 

HMM contcnt DS 25 º C, pH 5.6 
HG [wt.%] [mL g- 1] 

HG I 22.3 75 (1) 
HG2 16.3 60 (1) 
HG3 12.6 42 (1) 
HG4 9. 1 21 (1) 
HG5 6.2 18 (1) 

DS 60 °C, pH 5.6 
[mL g- 1] 

32.5 (0.5) 

4 (0. 19) 

DS25 ºC,rH 1 
[mL g- ] 

14 (0. 19) 
15 (0.25) 
13 (0.3 1) 
11 (0.52) 
1 O (0.56) 

DS 25 º C, pH 11 
[mL g- 1

] 

30 (0.4) 
30 (0.5) 
15 (0.36) 

10.5 (0.5) 
10 (0.56) 

Note: Value in parentheses: ratio DSx •c. e11v/DS15 'C. pll 5.6• relative DS with reference value of OS at 25 ºC and pH 5.6. 

Ali HGs showed a volume contraction when the 
temperature was increased and this contraction was 
stronger with a higher ra tio NIPAAm/HMM. Two exam
ples were determined at constant pH 5.6 (Table 3). HG 1 
and HG4 had a contraction of 50 and 81 %, respectively, 
when the temperature was increased from 25 to 60 ºC. 

The HG also showed, at room temperature, a volume 
contraction or expansion with a change of pH (Table 3). 
The volume change contraction was determined in 
relation to the hydrogel volume at pH 5.6. For example, 
when the pH value was decreased from 5.6 to 1.0, the 
HGs suffer a volume contraction of 81, 75, 69, 47, and 
44% for HGs: HG l , HG2, HG3, HG4, and HG5, respec
tively. The contraction was considerably lower for higher 
ratios NiPAAm/HMM in the hydrogel. The contraction 
of hydrogel at lower pH is possibly due to the hydrogen 
bond formation between the amide and acid groups 
[34- 37) inside the hydrogel and the lower solubility of 
the HMM chain in its acid fonn. The changc in contrac
tion is in accordance with the change in ratio of 
NiPAAm/HMM. The hydrogel volume expansion fro m 
pH 1.0 to pH 5.6 is probably due to the mutual repulsion 
of increasing number of carboxylate groups. 

Interestingly, at relatively high pH values, as for 
example at pH 11 - 12, the HG again showed a contrac
tion. When the pH changed from 5.6 to 11.0, the 
contractions for HG 1, HG2, HG3, HG4, and HG5 wcre 
60, 50, 65, 50, and 45%, respectively. This phenomenon 
can possibly have a re lation to the total high ionic charge 
inside the hydrogel at relatively high pH. Remarkably, 
the difference in the DS between pH I and pH 11 
strongly dccreascs with lowcr contcnt of HMM. 

4. Conclusions 

New HGs with sensi ti vi ty to temperature and pH have 
been synthesized by radical copolymerization of NiPAArn 
and polyoxazoline MM based on 2-methyl- and CEtOxa 
in the presence of a crosslinker (bisacrylamide). The MM 
synthesis proceedcd as 'living' polymerization of the 
2-oxazolines at relative low reaction temperature. Hydro
lysis of methyles ter groups in the origina lly used MEtOxa 
comonomer under mi ld reaction condi tions allowed the 
synthesis of an MM containing about 2 1 repeating units 

with a styryl end group and about 50 mol¾ statistically 
distributed carboxylic acid groups in CEtOxa along the 
chain. By this, we have produced a network of crosslinked 
temperature-sensitive poly(NiPAAm) main chains and 
pH-sensitive side chains of poly(MeOxa + CEtOxa) inside 
the network. The absolute swelling at pH 5.6 is strongly 
dependen! on the HMM content at the same ratio of 
NiPAAm/BIS. 

HRMAS NMR spectroscopy and differential 
scanning calorimetry (DSC) allowed the detennination of 
thennal transi tion of the poly(NiPAAm) segments in the 
inner part of the HG. The temperature of conformational 
transition of hydrogel increased slightly with the increase 
in the relative content of hydrophi lic MM, but the 
determined values rangiJ1g from 33 to 37 ºC stayed in 
the interesting physiological regime of around 36 º C . 

However, the volume change at the transition temper
ature was significantly increased at lower MM content 
and higher N iPAAm content. Contrarily, the volume 
change by changing the pH from 5.6 to 1 increased at 
higher MM content and lower NiPAAm content. The 
observed contraction of the hydrogel at lower pH (at 
room temperature) is caused by hydrogen bonds between 
the amide and acid groups inside the hydrogel. 

Thus, bi-sensitive HG could be realized using the 
design principie of a thenno-sensitive network with 
variable sensi tive side chains bascd 0 11 polyoxazolines 
synthesized in a quasi ' living' manner. These new pH
and thermo-sensitive HG are interesting for use as 
actuator and sensor gels i.n smart chemo-mechanical 
valves, pumps, or chemical transistors. 
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