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Summary 

Binary graft copolymerization of pH sensitive of acrylic acid (AAc) and 
thermosensitive N-isopropylacrylamide (NIPAAm) monomers onto polypropylene 
films (PP), was carried out by two step method, and their pH and thermal sensitivity 
were studied. Graft polymerization of AAc onto PP was carried out by a pre-
irradiation oxidative method using a 60Co gamma radiation source (Gammabeam 651-
PT, Nordion International Inc.) NIPAAm was grafted onto PP-g-AAc a second step. 
The influence of synthesis conditions, such as pre-irradiation dose, reaction time, 
monomer concentration, and reaction temperature was studied. The PP samples 
grafted with the binary monomers were characterized with thermogravimetric analysis 
and differential scanning calorimetry. The lower critical solution temperature (LCST) 
and pH critical were obtained by swelling and water contact angle determinaions. 

Introduction 

Stimuli-responsive polymers are defined as polymers that undergo relatively large and 
abrupt physical or chemical changes in response to small external changes in the 
environmental conditions. Names coined for stimuli-responsive polymers include 
stimuli-sensitive, intelligent, smart, or environmentally sensitive polymers [1-6]. 
Poly(N-isopropylacrylamide) (PNIPAAm) is the most popular polymer among the 
temperature sensitive polymers since it exhibits a sharp phase transition close to 32°C 
[7]. The important and useful feature of the PNIPAAm/water system resides in the 
ability to tailor its lower critical solution temperature (LCST) by incorporating 
comonomers with hydrophilic or hydrophobic groups in the polymer or by adding 
solvents, simple salts or surfactants to the polymer/water solution [8, 9]. Preparation 
and characterization of temperature sensitive PNIPAAm hydrogels have been 
emphasized in recent years, due to their versatile applications in biomedicine, 
biotechnology, and drug delivery systems [10]. PNIPAAm hydrogels are well known  
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for their discontinuous phase separation near their phase transition temperature or 
LCST and exhibit a sudden shrinking in volume at a temperature right above LCST 
[11]. In order to obtain a hydrogel that dramatically changes its swelling degree in 
water, the gel constituents must be insoluble above or below a certain temperature, 
called the lower or upper critical solution temperature (LCST or UCST, respectively) 
[12]. These transitions are mainly controlled by the rapid alteration in hydrophilicity 
and hydrophobicity among the hydrogel sub-groups, and this structural collapse takes 
place upon heating [13]. The hydrogels that exhibit pH and electro-sensitivity are 
comprised of polyelectrolytes and polyampholytes, while the thermoresponsive 
hydrogels have special chemical structures of hydrophilic–hydrophobic balance and 
exhibit LCST. Polymeric hydrogels which are pH sensitive such as poly(acrylic acid) 
(PAAc) the promoted the drug release in acidic medium and retarded the release  
in alkaline medium [14]. Many structural factors (charge, concentration and pKa  
of the ionizable group, degree of ionization, crosslink density and hydrophilicity)  
influence the degree of swelling of ionic polymers. In addition, a property of the  
swelling medium (pH, ionic strength and the counter ion and its valency) affects the  
swelling characteristics [15]. Copolymers of PNIPAAm with several comonomers  
including acrylic acid (AAc), 4-pentenoic acid, N-acryloxysuccinimide, allylamine,  
2-(dimethylamino)ethylmethacrylate, 2-(dimethylamino)propylmethacrylamide, 2-
(dimethyl)acrylamide, 3-acrylamidophenylboronic acid, maleic acid, citraconic 
anhydride, itaconic acids, etc.; which exhibi both temperature and pH sensitivities 
have been used in diverse application [16]. The complexes are formed at low pH and 
that the molecular weight of PAAc and solution properties such as pH and ionic 
strength influence the stability and structure of inter polymer complexes [17]. 
Radiation processing has many advantages over other conventional methods, radiation 
processes differs from chemical initiation, because no catalyst or additives are needed 
to initiate the reaction [18-20]. 

Experimental 

Grafting 

N-isopropylacrylamide (NIPAAm, 97%) and Acrylic acid (AAc) were supplied from 
Aldrich Chemical Co. NIPAAm was recrystallized from hexane/toluene (1/1, v/v) 
solution before use and AAc was distilled in vacuum before use. Polypropylene films 
(PP) from PEMEX, thickness of 60 μm and 1x5 cm in size were washed in methanol 
before use. Hexane and toluene from Baker were used as received. 
PP films were irradiated in air at a dose rate of 2.4 kGy/h and several different total 
pre-irradiation doses with a Co-60 source with an activity of 22,000 Curies. The 
irradiated films and 5.8 molL-1 of AAc aqueous solution were charged in glass 
ampoules, the system was deaerated by bubbling with argon gas for 20 min and then 
sealed and placed in a water bath at 50°C, for various periods of time. The grafted 
films PP-g-AAc were then washed with water for 24 to 72 h to extract the residual 
poly(acrylic acid) that had formed. Grafting of NIPAAm onto PP-g-AAc was carried 
out using the same procedure at a dose rate of 2.4 kGy/h at a different total radiation 
dose, a monomer concentration of 1molL-1 in water, and a reaction temperature of 
50°C. Grafted copolymer films were extracted in water for 24 h in order to remove 
remaining monomers and homopolymer. 
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Characterization 

Decomposition temperatures were determined in nitrogen atmosphere by 
Thermogravimetric Analysis, using a TGA Q50 (TA Instruments, New Castle, DE). 
Differential Scanning Calorimetry was performed using a DSC 2010 calorimeter (TA 
Instruments, USA). FTIR-ATR (attenuated total reflection) spectra were taken using  
a Perkin-Elmer Paragon 500 spectrometer (Perkin Elmer Cetus Instruments, Norwalk, 
CT). The measurements of the contact angle for various samples were carried out at 
room temperature, 1 minute after water drops were deposited onto the graft PP 
surface. In order to examine temperature-sensitive behaviors of PP-g-AAc and (PP-g-
AAc)-g-NIPAAm copolymers, swelling ratios at different temperatures and pH were 
measured. For determination of equilibrium water absorbency, the samples were 
immersed into distilled water for different periods of time. The excess of solution on 
the copolymer films was removed with filter paper, and the swollen samples were 
weighed. The vials with copolymer films were placed in a temperature controlled bath 
at room temperature in phosphate buffer solutions of pH values from 2 to 8, during 3 h 
to obtain the pH critical point. The swelling % was determined by the equation: 

Swelling (%) = [(Ws – Wd) / Wd] X 100  (1) 

Where Ws and Wd are weights of the swollen and initial films respectively. 

Results and Discussions 

Figure 1 shows the spectra of (a) PP films with absorption bands characteristic of CH2 
(2913 and 1453 cm-1), and CH3 (1373 cm-1); (b) PAAc with bands around 1694 cm-1 
corresponding to C=O and 2920 CH2; (c) PNIPAAm with characteristic C=O (1629 
cm-1), N-H (3283 and 1535 cm-1) and CH3 (2968 cm-1) bands; (d) (PP-g-AAc)-g-
NIPAAm film, presented peaks around 1702 cm-1 (C=O from AAc), 1643 cm-1 (C=O 
from NIPAAm); characteristic absorption of the (N-H)group 1540 cm-1. These spectra 
confirmed binary graft copolymerization. 
 
Figure 2 shows the water uptake of (PP-g-AAc)-g-NIPAAm as a function of time. The 
swelling of selected samples at different absorbing time in distilled water was 
measured. The swelling rate indicates that the initial swelling process is due primarily 
to the water penetrating into the copolymer film through capillary and diffusion. Then 
the penetrated water is absorbed by hydrophilic groups and amide groups through 
formation of hydrogen bonds. The swelling is fast during the first 20 min and 
gradually slows down until the equilibrium swelling is reached. The swelling rate and 
equilibrium swelling time was at 60 minutes. 
 
Figures 3a shows the typical swelling behavior of four PP-g-AAc films containing 
various graft percentages of AAc plotted as a function of pH. Figure 3b shows similar 
results for (PP-g-AAc)-g-NIPAAm. Swelling for both polymer systems is significant 
at a pH above 8 (the pH critical point ranges from 6.6 to 7.0), where the hydrogen 
bond interaction between AAc units (Figure 3a) and between AAc and NIPAAm units 
(Figure 3b) is destroyed at this higher pH value, allowing the system to exhibit 
hydrophilic behavior. This contrasts to the hydrophobic behavior observed at lower 
pH values (before the pH critical point) attributed to hydrogen bond interaction 
between acrylic acid through carboxylic moieties and between AAc and NIPAAm, 
through carboxylic acids and amide groups. A higher grafted AAc content results in  
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a higher content of the ionized carboxylate groups and greater hydrophilicity at higher 
pH values which causes a higher swelling ratio. The swelling ratio increases 
dramatically with increasing pH after the critical pH point is exceeded.  

 

Figure 1. FTIR-ATR spectra of (a) PP film; (b) PAAc; (c) PNIPAAm; and (d) (PP-g-AAc 
1219% graft)-g-NIPAAm 46% graft. 
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Figure 2. Swelling percent of (A) (PP-g-AAc 250%)-g-NIPAAm 70%; (B) (PP-g-AAc 1220%)-
g-NIPAAm 47%; and (C) (PP-g-AAc 277%)-g-NIPAAm 358% , as a function of swelling time. 
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Figure 3a. Swelling % as a function of pH of PP-g-AAc 915% (♦); 570% (■); 92% (▲); and 
45% (○). 
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Figure 3b. Swelling % as a function of pH of (PP-g-AAc 1220% graft)-g-NIPAAm 47% graft. 

Figure 4 shows the typical temperature-dependent swelling ratio of four thermo 
sensitive copolymer films with different graft percentages, over the temperature range 
of 20–40°C in distilled water (pH 7.0). The equilibrium swelling ratios for all of the 
films exhibit similar temperature dependence. As the temperature was increased, the 
swelling ratio decreased, with the most drastic decrease being observed at around the 
LCST (about 31–31.5°C) of PNIPAAm. Generally, the main reason for this distinctive 
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characteristic of the thermo responsive films can be attributed to the unique and rapid 
alternation of the hydrophilic and hydrophobic states. At temperatures below the 
LCST, the hydrophilic groups of the copolymer films form hydrogen bonds with 
water molecules. These bonds act cooperatively to form a stable shell of hydration 
around the hydrophobic groups, resulting in greater water uptake and producing  
a larger swelling ratio. When the temperature exceeds the LCST, the hydration shell 
of PNIPAAm collapses abruptly. These results indicate that the thermo-sensitive 
properties of the hydrogels rise mainly from PNIPAAm and the graft copolymer 
composition can be used to control the swelling ratio. 
 
Figure 5 shows the contact angle of water as a function of pH (at ambient 
temperature) for the polymers. PP-g-AAc 45% graft and (PP-g-AAc 41%)-g-NIPAAm 
180%. The pH critical point, defined here as the mid point in the sigmoid dependence 
was in both cases determined to be at approximately pH 5 for both samples grafted. 
These critical pH points were lower than those measured for similar samples by 
swelling measurements. 
 
The LCST value determined from surface properties, by the variations of the contact 
angle formed by a water droplet at temperatures ranging from 22 to 55°C, was found 
to be 32°C (Figure 6) even for sample with AAc (73% graft) and NIPAAm (228% 
graft) by prepared by the two step method. This value is according with the LCST 
determined from swelling measurements (between 31and 31.5°C) [20]. 
 
Figure 7 illustrate the reversibility of the swelling and deswelling kinetics of the 
copolymers films with different graft percentage as the pH is alternated between 2.2 
and 8 in water. 
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Figure 4. Swelling % as a function of temperature; lower critical solution temperature (LCST) of 
(PP-g-AAc)-g-NIPAAm: AAc 266%, NIPAAm 111%(▲);  AAc 41%, NIPAAm 18%(♦);  AAc 
73%, NIPAAm 1050%(■); AAc 72%, NIPAAm 840%(●). 



 85 

 

0

10

20

30

40

50

60

70

1 2 3 4 5 6 7 8 9 10

pH

W
at

er
 c

on
ta

ct
 a

ng
le

 (°
)

pH=5

 

Figure 5. Variation of water contact angle with pH for samples of PP-g-AAc 45% graft (●) and 
(PP-g-AAc 41%)-g-NIPAAm 180% graft (○). 
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Figure 6. Temperature dependence of the water contact angle of (PP-g-AAc, 73%)-g-NIPAAm 
228% graft at pH 7. 

The thermal properties of the polymers are summarized in Table 1. Glass transition 
temperature (Tg) could be easily determined by DSC. The values ranged between 
112.5 and 158°C. Tm values for PP alone and modified with PAAc and PNIPAAm 
were between 169.8 and 170.4. The thermal stability data (10% wt loss) for the 
modified PP were as expected: PP alone was 420°C, PP-g-AAc was 360°C and (PP-g-
AAc)-g-NIPAAm was 208°C, indicating good stability (see Table 1). 
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Figure 7. Reversibility of swelling-deswelling effect as a function of time by varying the pH 
from 2.2 to 8, PP-g-AAc 45% graft (■); PP-g-AAc 92% graft (▲); PP-g-AAc 570% graft (♦); 
and (PP-g-AAc 1220%)-g-NIPAAm 47% graft (●). 

Table 1. Thermal Properties of Polypropylene and modified Polypropilenes 

Sample 
TGA (°C) 
(10%wt 

loss)* 

% Char 
Yield 

(600°C)* 

Tg (ºC) 
(1st 

heating)* 

Tm (ºC) 
(1st 

heating)* 

PP film 428   1.54   170.4 

PAAc 215 17.45  142.8 213.1 

PNIPAAm 159   2.70  158.0  

PP-g-AAc 360   8.79  112.5 171.6 

(PP-g-AAc)-g-NIPAAm 208 12.71 129.8 169.8 

* measured at 10°C/min in nitrogen  

Conclusions 

NIPAAm onto PP-g-AA films were prepared in two steps, using a pre-irradiation 
method. The FTIR-ATR was used to confirm that PP had been grafted to form the 
binary system. The grafting efficiency increased with the time and with pre-irradiation 
dose; the grafting yield which results was between 33 and 1500% for AAc onto PP, 
and the graft copolymer of NIPAAm onto PP-g-AAc was between 45 and 530%. The 
swelling ratio depended on the de graft contents. All films presented good mechanical 
properties. The LCST and pH critical point were conserved on the binary grafted 
films. 

Acknowledgements. The authors are grateful to M. Cruz and M. L. Escamilla from ICN-UNAM, 
for technical assistance. This work was financially support by DGAPA-UNAM (Grant No. 
IN200306) 



 87 

 

References 

1. Jeong B., Gutowska A. (2002) Trends Biotechnol 20: 305. 
2. Kikuchi A., Okano T. (2002) Prog Polym Sci. 27: 1165. 
3. Hoffman A. S., et al. (2000) J Biomed Mater Res 52: 577. 
4. Galaev L. Y., Mattiasson B. (2000) Trends Biotechnol 17: 335. 
5. Qiu Y., Park K. (2001) Adv Drug Deliv Rev 53: 321. 
6. Seok-Gil E., Hudson S. M. (2004) Prog. Polym. Sci. 29: 1173. 
7. Yoo M. K., Sung Y. K., Cho C. S., Lee Y. M. (1997) Polymer 38: 2759. 
8. Winnik F. M., Ottaviani M. T., Turro N. J. (1991) Macromolecules 25: 6007. 
9. Schild H. G., Muthukumai M., Tirrell D. A. (1991) Macromolecules 24: 948. 
10. Maolin Z., Min Y., Jian S., Jinshan W., Hongfei H. (1998) Radiat. Phys. Chem. 52: 313. 
11. Hirokawa Y., Tanaka T. (1984) J Chem Phys 81: 6379. 
12. Bromberg1 L. E., Ron E. S. (1998) Advanced Drug Delivery Reviews 31: 197. 
13. Xian-Zheng Z., Da-Qing W., Chih-Chang C. (2004) Biomaterials 25: 3793. 
14. Loo-Teck N., Hiroshi N., Isao K., Kumao U. (2005) Radiat. Phys. and Chem. 73: 117. 
15. Mahdavinia G. R., Pourjavadi A., Hosseinzadeh H., Zohuriaan M. J. (2004) Eur. Polym. J. 

40: 1399. 
16. Pişkin E. (2004) International Journal of Pharmaceutics 277: 105. 
17. Mun G. A., Nurkeeva Z. S., Khutoryanskiy V. V., Sarybayeva G. S., Dubolazov A. V. 

(2003) Eur. Polym. J. 39: 1687. 
18. Huiliang W., Wenxiu C. (2006) Radiat. Phys. and Chem. 75: 138. 
19. Palacios O., Roustam A., Burillo G. (2003) Polymer Bull. 51: 191. 
20. Bucio E., Burillo G., Adem E., Coqueret X. (2005) Macromol. Mater. Eng. 290: 745. 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


