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Introduction 

Hydrogels may exhibit a first order volume phase transition (VPT) when an 

external stimulus is applied. At the transition an abrupt (non-linear) change in 

the volume occurs, in which the gel collapses and expels the solvent phase  

(Fig. 1). The VPT is reversible and can be triggered by various physical or 

chemical stimuli.  
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Figure 1. Hydrogels show non-linear volume change when environmental stimulus 
(physical or chemical) is applied. 

One of the most extensively studied hydrogels is the poly(N-isopropyl-

acrylamide) (PNIPA) gel. The goal of the present work was to synthesize and 

characterize new types of hydrogels made from NIPA together with aromatic 

ring bearing co-monomers. It was desirable that the new hydrogels should 

exhibit a swelling ability and temperature sensitivity similar to that of the 

original PNIPA gel, but having increased phenol sensitivity.  

The choice of phenol is justified by several reasons. In binary PNIPA–water 

systems the temperature induced VPT is related to the structure of the water 

surrounding the polymer chains. Phenols are hydrotropes, which are known for 

 1



their ability to change the structure of water. Phenol is one of the few organic 

compounds that, even at low concentrations, can trigger chemically induced 

VPT in PNIPA gels. It is of interest therefore to determine whether this is a 

general property of phenolic compounds.  

As a contaminant in drinking water, phenols impart an unpleasant taste and 

odour even at very low concentrations. Of greater concern for public health, 

however, in the chlorinating process used for drinking water purification, it 

reacts with the chlorine and produces carcinogenic polychlorinated compounds. 

PNIPA hydrogels have been considered in possible applications as 

nonconventional adsorbents, or as sensors/actuators. 

The first step of the work was a systematic investigation of the unmodified 

PNIPA gels in polymer–water and in polymer–water–phenol systems. It presents 

a scientific challenge, since the interactions that govern the transition are still 

controversial.  

To enhance the interaction between the gel and the phenols NIPA was 

copolymerized with two different co-monomers by chemically induced radical 

polymerization in aqueous solution. The co-monomers were N9-propenoyl-

3,6,12,15-tetraoxa-9,21-diaza-bicyclo [15.3.1] heneicosa-1(21), 17,19-triene (CE) 

and 2-allylphenol (AP) (Fig. 2). The CE and AP content of the copolymers is 

limited by their different solubility. The solvation of the co-monomer was 

promoted by the ethoxy groups and the N heteroatom in the case of CE, and by 

the OH-groups in the case of AP.  
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Figure 2. Structural formula of (a) N9-propenoyl-3,6,12,15-tetraoxa-9,21-diaza-bicyclo 
[15.3.1] heneicosa-1(21), 17,19-triene (CE) and (b) 2-allylphenol (AP). 

 

The aim of the work was to study the swelling ability and mechanical 

property of the co-polymers in pure water and in presence of phenols, as well as 

to determine the effect of the co-monomer on the structure of the gel. The 

examined aromatic molecules were hydroxybenzene (phenol), 1,3-dihydroxy-

benzene (resorcinol) or 1,3,5-trihydroxybenzene (phloroglucinol).  

An understanding of the interaction and material properties – in particular 

around the phase transition – is essential in the terms of the devices and 

processes that are based on this VPT phenomenon.  

Experimental 

In this work the following techniques were employed: equilibrium swelling 

measurements, phenol uptake, isothermal and scanning microcalorimetry (DSC, 

MicroDSCIII, Setaram), dynamic light scattering (DLS, ALV DLS/SLS 5022F), 

small angle X-ray scattering (SAXS, ESRF, Grenoble) and neutron scattering 

(SANS, ILL, Grenoble). The mechanical properties of the hydrogels were 

characterized by measuring the elastic modulus. 
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New scientific results 

1. New random co-polymers have been synthesized by copolymerization of  

N-isopropyl-acrylamide (NIPA) with two different co-monomers by 

chemically induced radical polymerization in aqueous solution. The  

co-monomers were N9-propenoyl-3,6,12,15-tetraoxa-9,21-diaza-bicyclo 

[15.3.1] heneicosa-1(21), 17,19-triene (CE) and 2-allylphenol (AP). The CE 

and AP content of the poly(N-isopropylacrylamide) (PNIPA) –copolymer is 

limited by their different solubility. The ratio of [monomer]/[co-monomer] is 

10 and 60 in PNIPA/CE and PNIPA/AP gels, respectively. The ratio of 

[monomer]/[cross-linker] is ~150 for both of the gels. 

2. The co-polymerization changed the properties of the PNIPA gel. In the 

binary aqueous system the swelling ability of PNIPA/AP gel is greater, while 

that of the PNIPA/CE gel is lower than in the unmodified PNIPA gel of 

similar [monomer]/[cross-linker] ratio, due to the different hydrophobicity of 

the co-monomers. The volume phase transition (VPT) of the copolymers 

occurs at lower temperature (TVPT) than in the unmodified gel  

(TVPT,PNIPA = 33.6 °C; TVPT,PNIPA/CE = 25.9 °C; TVPT, PNIPA/AP = 32.6 °C). The 

endothermic heat of the transition slightly decreases in the case of 

PNIPA/CE (5.5 kJ/mol) and increases in the case of PNIPA/AP gel  

(7.2 kJ/mol) with respect to the unmodified gel (6.5 kJ/mol).  

3. In the ternary systems (PNIPA–water–phenol, PNIPA/CE–water–phenol and 

PNIPA/AP–water–phenol) TVPT decreases either upon increasing the 
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concentration of phenols or upon increasing the number of the OH-groups on 

the phenol. At constant temperature the phenol-induced VPT shifts to lower 

concentrations as the number of the OH-groups increases. At 20 °C in 

PNIPA gels the concentrations are the following: ∼53 mM for phenol;  

∼50 mM for resorcinol and ∼35 mM for phloroglucinol (Fig. 3).  
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Figure 3. Equilibrium swelling ratio (1/φe) of PNIPA hydrogel  
([monomer]/[crosslinker] = 150) at 20 °C as a function of aromatic concentration cL,e in 

water (  phenol;  resorcinol;  phloroglucinol), where φe is the polymer volume 
fraction. The sharp drop in the swelling ratio occurs at different concentrations (cVPT), 

depending on the number of the OH-groups. 

  The effect of the co-polymerization resulted in an increased phenol 

sensitivity. The criticial concentration cVPT of the concentration induced VPT 

decreases. At 20 °C it is ∼30 mM and ∼48 mM for PNIPA/CE and 

PNIPA/AP, respectively.  

  The endothermic heat of the transition, similarly to PNIPA gel, depends 

on the phenol concentration and on the number of the phenolic OH-groups.  
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4. The sorption isotherms of the gels are of Henry-type below cVPT. At this 

concentration PNIPA reaches its maximum capacity and it saturates (Fig. 4, 

isotherm ). 
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Figure 4. Uptake of phenol from their aqueous solutions at 20 °C by 
PNIPA ( ), PNIPA/CE ( ) and PNIPA/AP ( ) gels. [NIPA]/[BIS]=150. 

 The sorption capacity of PNIPA with respect to 1 g of dry gel is 180 mg,  

120 mg and 90 mg phenol, resorcinol and phloroglucinol, respectively.  

A new sorption step develops for the isotherms of the copolymers above cVPT 

(Fig. 4, isotherms , ) resulting in a 75% and 60% increase in the phenol 

uptake at 70 mM equilibrium concentration of phenol at 20 °C for 

PNIPA/CE and for PNIPA/AP gel, respectively, due to the π−π interaction 

between the aromatic ring and the phenols. 

5. The distribution of phenols in the swollen gel was investigated at 20 °C. 

There is an enrichment of phenol molecules in the gel phase below cVPT for 
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the copolymers. Both isothermal microcalorimetry and SANS under contrast 

matched conditions confirm that the interaction between the phenol 

molecules and the gel occurs already slightly below cVPT (Fig. 5).  

0

5

10

15

20

25

30

35

40

-150

-100

-50

0 20 40 60 80 100

sw
el

lin
g 

ra
tio

, 1
/φ

e

in
te

gr
al

 h
ea

tfl
ow

 (J
/g

)

c
L,e

 (mM)
 

 Figure 5. Isothermal heat of mixing of PNIPA gel compared with the swelling ratio  
in aqueous solutions of phenol at 20 °C. The phase transition occurs at cVPT=53 mM 

based on the swelling curve, while isothermal microcalorimetry shows that the heat of 
interactions changes significantly already at ~40 mM.  

 At 44 mM concentration of phenol, about one third of the phenol molecules 

in the gel phase begin to replace the water molecules around the polymer 

chains. Measurements of the Flory-Huggins interaction parameters χ1 and χ2 

show that χ1 remains invariant under changes of aromatic molecule content, 

while χ2, i.e., the three-body polymer interaction, increases monotonically as 

the transition is approached. The increase becomes stronger with increasing 

hydroxyl group number on the phenol. 

6. The gels exhibit a semi-ordered structure at short distances. Repeating units 

with the distance of 10-12 Å may be identified by the side groups of the 
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PNIPA gel, i.e., the isopropyl groups. This structure is influenced neither by 

the temperature, nor by the addition of phenols, nor by the copolymerization.  

  Larger clusters were detected in aqueous copolymers already below TVPT. 

At 40 mM phenol concentration the radius of the large units is about 200 Å 

in swollen PNIPA/CE. In swollen PNIPA/AP gel ~150 Å and ~800 Å 

clusters were detected, which become practically monodisperse with a radius 

of ~800 Å above TVPT. 

7.  The temperature induced phase transition of the PNIPA involves two stages 

with significantly different time constants. The first step is governed thermo-

dynamically. The destruction of the hydrophobic interactions results in the 

fast expulsion of the solvent phase from the polymer chains. The second 

stage is governed kinetically. The relaxation of polymer chains frozen in a 

restricted motion is very slow (Fig. 6).  
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Figure 6. SAXS response of PNIPA gel ([monomer]/[crosslinker] = 150) in water  

(a) scattering curve at 25 °C; when the temperature is raised to 40 °C, the scattering curve 
transforms to an approximately power law behavior (b) with a slope of about -3.7, observed 
after 1000 s. Curves c (2000 s) and d (4000 s) are indistinguishable from curve b. The final 

curve e (30 000 s) has a slope of -4, corresponding to scattering from smooth surfaces. 
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  The rate of deswelling of copolymer gels above the TVPT is much faster than 

that of the unmodified gel, because the inhomogenities present in the 

copolymers promote the collapse of the system.  

Applications 

Volume phase transition can be applied for the enrichment of sorption of 

aquatic organic pollutants, e.g., polycyclic aromatic hydrocarbons (PAH), or for 

the enhancement of heavy metal ions. An understanding of the interactions in 

PNIPA–water or in NIPA-based hydrogel– aqueous phenol systems is essential 

for future applications: e.g. in controlled pollutant uptake and release processes 

in hydrogels or in the tuning of TVPT by external concentration.  

Co-polymerization has yielded gels with increased phenol sensitivity and 

enhanced sorption capacity. Thus, these NIPA-based polymers may be 

considered as nonconventional adsorbents, sensors or actuators for the phenols 

studied in this work. 

 9



Publications 

Book Chapter:  
 
1.  László K., Kosik K., Wilk E., Geissler E.: Interaction of phenolic pollutants with 

PNIPA. Surface Chemistry in Biomedical and Environmental Science, NATO ASI 
series. JP Blitz, VM Gun’ko (Eds)., Springer 2006, 393-402. 

 
Related papers:  
 
2. László K., Kosik K., Filipcsei G., Zrínyi M.: Interaction of non-ionic hydrogels with 

weak aromatic acids. Macromolecular Symposia 2003, 200, 181-190. IF=0,895  
 
3. Kosik K., Geissler E., Zrínyi M., László K.: Interaction of non-ionic hydrogels with 

small aromatic molecules. Polymers for Advanced Technologies 2003, 14, 1-5. 
IF=0,982 

 
4. László K., Kosik K., Rochas C., Geissler E.: Phase transition in poly(N-isopropyl-

acrylamide) hydrogels induced by phenols. Macromolecules 2003, 36, 7771-7776. 
IF=3,621  

 
5. László K., Kosik K., Geissler E.: High-sensitivity isothermal and scanning 

microcalorimetry in PNIPA hydrogels around the volume phase transition. 
Macromolecules 2004, 37, 10067-10072. IF=3,898 

 
6. László K., Kosik K., Wilk E., Geissler E.: Hidrotrop molekulák kölcsönhatása 

környezeti hatásokra érzékeny hidrogéllel. Olaj Szappan Kozmetika 2006, 55, 81-85.  
 
7. Kosik K., Wilk E., Geissler E., László K.: Distribution of phenols in 

thermoresponsive hydrogels, Macromolecules 2007, 40, 2141-2147. IF=3,898 
 
8. Geissler E., Kosik K., Fluerasu A., Moussaïd A., László K.: X-ray Photon Correlation 

Spectroscopy of Dynamics in Thermosensitive Gels, Macromolecular Symposia  
2007, 256, 73-79. IF=0,73 

 
9. Kosik K., Wilk E., Geissler E., László K.: Interaction of phenols with thermo-

responsive hydrogels. Colloids and Surfaces A, 2007, in press, 
doi:10.1016/j.colsurfa.2007.07.022. 

 
10. László K., Kosik K., Wilk E., Geissler E.: Influence of a crown ether co-monomer on 

the temperature induced phase transition of poly(N-isopropyl acrylamide) hydrogel,  
J. Phys. Chem., submitted. 

 
Conferences: 
 
Oral presentations: 
 
1. Kosik K*.: Nemionos hidrogélek kölcsönhatása aromás gyenge savakkal. MTA 

Műanyag Munkabizottság Ülése, 2003. április 28. Budapest 
 

                                                 
* Underline indicates the presenter. 

 10 



2. László K., Kosik K., Rochas C., Geissler E.: Interaction of Aromatic Pollutants with 
Poly(NIPA) Hydrogels. 11th International Conference on Surface and Colloid 
Science, September 15-19, 2003, Iguassu Falls, Brasil. Book of Abstracts p. 187 

 
3. Geissler E., Hecht A. M., Horkay F., László K., Kosik K., Morfin I.: Light, small 

angle neutron and X-ray scattering from gels. GelSympo2003, 5th Gel Symposium 
Polymer Gels: Fundamentals and Nano-fabrications. November 17-21, 2003 Kashiwa, 
Japan. CD ROM of Extended Abstracts I-18 

 
4. László K., Kosik K., Geissler E.: Poly(NIPA) hydrogels as potential environmental 

phenol scavengers. 3rd International Conference Interfaces against Pollution (IAP), 
May 24-27, 2004, Jülich, Germany. Book of Abstracts, K6 

 
5. Kosik K., Geissler E., László K.: Poly(NIPA) hydrogels for potential phenol control 

in water management. 9th International Symposium on Particle Size Analyses, 
Environmental Protection and Powder Technology (PORANAL2004), September 5-7, 
2004, Balatonüred, Hungary, Book of Abstracts p.55, CD ROM of Extended Abstracts 
L22. 

 
6. Kosik K., Rochas C., László K., Geissler E.: Compétition entre l'eau et les molécules 

aromatiques dans des hydrogels thermosensibles, Clips de Physique, January 19, 2005, 
Grenoble, France 

 
7. László K., Kosik K., Geissler E.: Microcalorimetry and scattering in PNIPA 

hydrogels near the volume phase transition. 229th ACS National Meeting, Division of 
colloid and surface chemistry, March 13-17, 2005, San Diego, CA, USA. Abstracts of 
papers of the ACS 229: U743-U743 601 (2005) 

 
8. László K., Kosik K., Wilk E., Geissler E.: Microcalorimetry and scattering in binary 

and ternary PNIPA systems near the volume phase transition. 79th ACS Colloid and 
Surface Science Symposium, Clarkson University and Center for Advanced Materials 
Processing (CAMP), Potsdam, NY, June 12-15, 2005 

 
9. László K., Kosik K., Wilk E., Geissler E.: Interaction of phenolic pollutants with 

PNIPA hydrogels. NATO Advanced research workshop, Kiev, Ukraine. September 
14-17, 2005. Book of Abstracts p.30. 

 
10. László K., Kosik K., Wilk E., Geissler E.: Kémiailag indukált fázisátalakulás PNIPA 

hidrogélekben – szabályozható hatóanyagleadás. Újdonságok a kozmetikai iparban és 
tudományban, 2005. október 22, Budapest 

 
11. Kosik K.: Aromás molekulák kölcsönhatása peptidkötést tartalmazó hidrogéllel. 3. 

Doktoráns Konferencia, 2006. február 7., Budapest 
 
12. Geissler E., Fluerasu A., Moussaïd A., Kosik K., László K.: DLS and XPCS in 

Thermosensitive Gels. Dynamical phenomena in Soft Matter, ESRF User Meeting, 
February 8-9, 2006, Grenoble, France, Book of Abstracts p.9. 

 
13. Kosik K.: Aromás molekulák kölcsönhatása peptidkötést tartalmazó hidrogéllel. 

Innovatív oktatás és kutatás a Műegyetemen - Ipari Nyílt Nap, 2006. február 28., 
Budapest 

 

 11



14. László K., Kosik K., Wilk E., Geissler E.: Interaction of phenols with PNIPA 
hydrogels. 231st ACS National Meeting Polymer Session, March 26-30, 2006, 
Atlanta, USA  

 
15. Geissler E., Kosik K., Fluerasu A., Moussaïd A., László K.: Light and X-ray Photon 

Correlation Spectroscopy of Dynamics in Thermosensitive Gels. Polymer Networks 
Group conference 2006, September 3-7, 2006, Sheffield, England 

 
16. Kosik K., Wilk E., Geissler E., László K.: Interaction of phenols with PNIPA 

hydrogel. Polymer Networks Group conference 2006, September 3-7, 2006, Sheffield, 
England 

 
17. László K., Kosik K., Wilk E., Geissler E.: Phenol induced phase transition in PNIPA 

hydrogel. 20th ECIS-18th ECIC Conference, September 17-22, 2006, Budapest, Book 
of Abstracts p.71 

 
18. László K., Kosik K., Wilk E.: Hidrogélek. Új trendek és alapanyagok a kozmetikában 

(New trends and ingredients in the cosmetics), 2006. november 10, Budapest 
 
Posters:  
 
19. Kosik K., László K.: Controlled drug release with hydrogels, 5th International 

Congress on Cosmetics and Household Chemicals, April 17-19, 2002, Budapest, 
Hungary, Book of Abstracts p.66  

 
20. László K., Kosik K.: Partitioning of phenols in temperature sensitive hydrogels. 2nd 

International Conference Interfaces against Pollution (IAP), May 27-30, 2002, 
Lillafüred, Hungary, Book of Abstracts, p. 132  

 
21. László K., Kosik K., Filipcsei G., Zrínyi M.: Interaction of non-ionic hydrogels with 

weak aromatic acids. Polymer Networks Group Meeting, September 2-6, 2002, 
Autrans, France 

 
22. László K., Kosik K., Filipcsei G., Zrínyi M.: Interaction of non-ionic hydrogels with 

small aromatic molecules. 8th Conference on Colloid Chemistry, September 18-20, 
2002, Keszthely, Hungary. Book of Abstracts P65. 

 
23. Kosik K., Geissler E., László K.: Swelling of polyNipa hydrogels in phenolic 

solutions. 1st Zsigmondy Colloquium of the German Colloid Society, April 1-2, 2004 
Mainz, Germany. Book of Abstracts p. 44. 

 
24. László K., Kosik K., Geissler E.: Phenol induced volume transition in PNIPA 

hydrogels, 17th Polymer Networks Group Meeting, August 15-19, 2004, Bethesda, 
MD, USA Book of Abstracts P52. 

 
25. Kosik K., László K., Geissler E., Fluerasu A., Moussaïd A.: X-ray Photon Correlation 

Spectroscopy of Dynamics in Thermosensitive Gels. ILL Soft Matter User Meeting, 
November 22 - 24, 2006, Grenoble, France Book of Abstracts P7.  

 

 12 


