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1 INTRODUCTION 

1.1 POLY(N-ISOPROPYLACRYLAMIDE) 



1.2 LITERATURE REVIEW ON AQUEOUS PNIPAM GELS 
WITH DIFFERENT STRUCTURES 

1.2.1 MACROGELS AND MICROGELS 



Figure 1.  A representation of a) a microgel system (separate microparticles dispersed in a 
solvent phase) and b) a macrogel system (crosslinked polymer swollen by a 
solvent). 

. 

1.2.2 STRUCTURAL STUDIES ON MICROGELS  





<
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1.2.3 PNIPAM SHELL ON SOLID PARTICLE CORE 





Figure 2. A representation of possible PNIPAM shell structures (adsorbed/attached linear 
chains or crosslinked networks) on solid particle cores, according to the reviewed 
literature. 

1.2.4 TRENDS IN THE APPLICATION ORIENTED RESEARCH 



1.3 AIM AND MOTIVATION OF THE STUDY 









2 EXPERIMENTAL PART 

2.1 POLYMER SYNTHESES 

2.1.1 MACROGELS ( I ) 



Table 1. The molar ratios of the main monomers used in the macrogel-syntheses. In addition, the 
crosslinking monomer, EGDMA, was used (4 mol% of the total amount of the main monomers), 
as well as the initiator, AIBN, (1 mol%).         

Sample code N100 N98C2 N95C5 N90V10 N80V20 
NIPAM  100  98  95  90  80 
VBZ     10  20 
CEMA   2  5   

2.1.2 MICROGEL PARTICLES (II-IV) 



Table 2.  Preparation and coding of the microgel samples. In the synthesis batches: NIPAM 
130 mM, KPS 2 mM and water 20-26 ml (total amount).*Close correspondant to 
the traditional recipe (for example Wu and coworkers, ref. 21). 

Sample coding 
Papers III – IV 

MBA 
mM 

SDS
mM 

M1.6 / S0.4* 1.6 0.4 
M3.2 3.2 0.4 

M6.5 6.5 0.4 

M13 13 0.4 

S1.3 4.2 1.3 
S4.0 4.2 4.0 
M4.2S / S6.7 4.2 6.7 
M6.5S 6.5 6.7 

M8.4S 8.4 6.7 

M13S 13 6.7 

        

2.1.3 MICROGEL PARTICLES WITH PS CORE ( II ) 



Table 3.  Summary of the syntheses. (The components of the reaction mixtures are given as 
grams.)a PS1 particle dispersion (particle concentration 2.8 wt%); b PS2 particle 
dispersion (particle concentration 3.2 wt%) 

Particle H2O Seed SDS KPS Styrene NIPAM MBA AA 

PS1 30  0.3 0.06 2.25    
PS2 30  0.3 0.06 2.25    
PS1N  20a   0.01  0.2 0.013  
PS1NA  20a   0.01  0.2 0.013 0.004 
PS2N 12.5 17.5b  0.015  0.3 0.02  
N1 20  0.002 0.01  0.3 0.02  
N2 50  0.005 0.03  0.75 0.025  

2.1.4 MICROGEL PARTICLES WITH FLUORESCENT PS CORE  ( V ) 



Table 4.   Syntheses mixtures for the fluorescent particles.  

Sample Water/seed 

Ml 

Styrene 

mmol 

FDMA 

mmol 

NIPAM 

mmol 

MAC11EO42 

mmol 

MBA 

mmol 

KPS 

mmol 

SDS 

mmol 

FPS 10 7.7 0.043    0.074 0.347 

FPS- 

PNIPAM 

10 (FPS)   1.325  0.065 0.022  

FPS-

PEO 

10 6.2 0.043  0.136  0.148  



2.2 CHARACTERISATION METHODS 

2.2.1 MACROGELS ( I ) 

°

°

° °
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2.2.2 PARTICLES ( II-V ) 
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3 RESULTS AND DISCUSSION 

3.1 MACROGELS: INTERACTIONS WITH IBMX ( I ) 

Figure 3. The structures of  1) poly(NIPAAm-co-vinyl benzoate), 2) poly(NIPAAm-co-
cinnamoyloxyethyl methacrylate), and 3) IBMX 



3.1.1 DRUG BINDING AND RELEASE  



Figure 4 a.  The saturation binding of IBMX from aqueous solution (0.5 mg/ml) into initially dry 
gels below and above LCST. Sample coding is given in the table embedded in the 
figure (note that EGDM –crosslinker was used in addition, 4 mol%).  



Table 5.  Swelling the macrogels in pure water and relative swelling in IBMX solutions. 
aSwelling ratios ( SR ) of the gels in pure water at various temperatures. 
bRelative swelling in aqueous solutions with varying IBMX concentrations at 
21°C.  

Sample N100 N98C2 N95C5 N90V10 N80V20 

a Temperature 
 5    ( °C )  48.0  30.0  18.7  43.0  31.6 
10  45.0  27.6  14.3  40.0  29.2 
21  26.3  10.5  2.80  20.9  4.60 
30  0.59  0.34  0.26  0.44  0.29 
35  0.26  0.28  0.24  0.30  0.26 
b [IBMX] 
 0    ( mg/ml )  1.00  1.00  1.00  1.00  1.00 
0.2  0.99  0.99  0.92  0.95  0.88 
0.3  0.98  1.02  0.92  0.99  0.94 
0.4  0.98  0.99  0.88  0.96  0.87 
0.5  0.97  1.02  0.81  0.97  0.85 



Figure 4 b. Time dependence of the fractional IBMX release from the gels (dry weights 2-3mg) 
during swelling at 21°C and at 35°C. The amount of (et hanol) loaded IBMX was 
2wt% of the mass of dry gel. 



3.2 MICROGEL PARTICLES 

3.2.1 PHASE TRANSITION AND COLLOIDAL PROPERTIES OF 
PARTICLES IN H2O (II – IV) 



Figure 5. a)  and c) The change of optical density (measured absorbance at λ 500nm, 
experimental errors < 0.005) with temperature for different microgels b) The 
normalised change of optical density with temperature for different microgels (1g/l in 
H2O, heating rate 12°C/h from absorbance at  wavelength  500 nm). The sample 
coding is given in the table embedded to the figure. 





Figure 6.  The intensity weighed size distributions of particles from DLS in aqueous 
dispersions at 20°C.  Sample details and more inform ation is given in the 
embedded table. 
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Figure 7. A representation of adjusting the particle features (optical transparency, 
hydrodynamic size, surface charge in aqueous dispersion) by changing the a) SDS 
and b) MBA concentrations during synthesis. The described homogeneous 
microgel is described on the left side with increasing SDS and compared to the 
other, more heterogeneous structures ( as reflected by high turbidity).



3.2.2 THERMODYNAMIC PARAMETERS OF VOLUME PHASE 
TRANSITION IN H2O (III, IV) 
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Figure 8. Thermodynamic parameters of volume phase transition measured with 
microcalorimetry from the aqueous microgels (1g/l, heating rate 30°C/h). a) The 
temperature of the maximum heat capacity ( Tmax, maximum errors +/- 0.3%) b) the 
width of the transition at half-height (ΔT1/2, maximum errors +/-0.3%) and c) the 
calorimetric enthalpy of transition, ΔHcal (per moles of NIPAM units, maximum errors 
+/- 4%), versus MBA concentration in the synthesis batch. 
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3.2.3 VOLUME PHASE TRANSITION OBSERVED FROM THE NMR 
SIGNAL INTENSITIES IN D2O ( II-IV ) 



Figure 9. In the upper figure, a typical 1H NMR spectra recorded at 22°C and at 40°C in D 2O 
for microgels (N1 and N2, Paper II). In the lower figure, normalised ratios of 1H 
NMR signal intensity (I) of the PNIPAM protons to the solvent (D2O) protons versus 
temperature as measured for the protons of the N-isopropyl group (methyl protons 
ca. 1 ppm and the lone proton ca. 4 ppm) and the protons of the main chain 
(methylene protons ca. 1.5 ppm and methyne protons ca. 2 ppm). 



Figure 10. Normalised ratios of the 1H NMR signal intensity (I) of the a) methyl protons (side 
chain, ca. 1 ppm), b) and c) methyne protons (main chain, ca. 2 ppm) to the solvent 
(D2O, ca. 4.8 ppm) protons versus temperature in different samples (coding given in 
the embedded table).  



3.2.4 DYNAMIC BEHAVIOUR OF POLYMER SEGMENTS FROM THE 
NMR RELAXATION TIMES ( II- IV ) 

Table 6.   Guidelines for correlating the relaxation times of PNIPAM-microgels in D2O. 

At temperatures below the LCST At temperatures above the LCST 

High proton signal intensities Low proton signal intensities 

Good accuracy of exponential analysis of the 

relaxation  times 

Errors of exponential analysis increase 

Interpretation 

Swollen network dominates the signal 

Interpretation 

Charged, coronal surface layer is still mobile 

after the network has collapsed  (high local 

LCST) 



Figure 11. 1H NMR relaxation times measured from the microgels in D2O. a) Spin-lattice 
relaxation times (T1) of the methyl protons (side chain, ca. 1 ppm). Spin-lattice 
relaxation times (T1) of the methyne protons (main chain, ca. 2 ppm) for the 
microgels prepared b) in 0.4 mM and c) in 6.7 mM SDS solution.  

Figure 12. 1H NMR relaxation times measured from the microgels in D2O. Spin-spin relaxation 
times (T2) of the methyl protons (side chain, ca. 1 ppm) for the microgels prepared 
a) in 0.4 mM and b) in 6.7 mM SDS solution. c) Spin-spin relaxation times (T2) of 
the methyne protons (main chain, ca. 2 ppm) 



Figure 13. a) Spin-lattice relaxation times (T1) of the methyne protons (main chain, ca. 2 ppm), 
b) spin-spin relaxation times (T2) of the methyl protons (side chain, ca. 1 ppm) and 
c) spin-spin relaxation times (T2) of the methyne protons (main chain, ca. 2 ppm) 
versus temperature for different samples in D2O 



Table 7.   Summary of the structural conclusions from the relaxation times 

T1 side chain T2 side chain 

-trends are similar for all samples 

-differences increase above the LCST 

-this relaxation is not especially sensitive 

to particle structure 

See Figure 11 a. 

-large decrease of T2 at LCST (the gel 

collapse shows clearly for a 

homogeneous gel) 

-for a heterogeneous gel such stepwise 

change not to be seen 

See figures 12 a , 12 b and 13 b. 

T1 main chain T2 main chain 

-signals still visible for coronal layers at 

45°C 

-for homogenous structures signals 

disappear 

See figures 11 b, 11 c and 13 a. 

-for heterogeneous structures increase in 

T2 by coronal layers at high temperatures 

-for homogenous structures signals 

disappear 

See figures 12 c and 13 c. 



Figure 14. Summarising the structural variations in aqueous PNIPAM microgels. 



3.3 MICROGEL PARTICLES WITH PS CORE ( II ) 

3.3.1 PHASE TRANSITION AND COLLOIDAL PROPERTIES OF 
PARTICLES IN H2O  



Figure 15. Upper figure: The intensity weighed size distributions of particles in aqueous 
dispersions at 20°C.   Lower figure: The mean hydrody namic diameters of the 2-
stage particles versus temperature. The the microgel particle, N1, is plotted in the 
figure for comparison. Sample coding for microgel particles  



Figure 16. A representation of a solid PS1/PS2-core particle (left), PS1N –core-shell (middle) 
and PS2N-core-shell (right) 



3.3.2 THERMODYNAMIC PARAMETERS OF VOLUME PHASE 
TRANSITION IN H2O  

Figure 17. Microcalorimetric endotherms (heating rate 30°C/h) f or aqueous dispersions of the 
microgel and the 2-stage particles. 



3.3.3 VOLUME PHASE TRANSITION OBSERVED FROM THE NMR 
SIGNAL INTENSITIES  



Figure 18. Normalised ratios of the 1H NMR signal intensity (I) of the methyl protons (ca. 1 
ppm) to the solvent (D2O) protons versus temperature in different particles. 

3.3.4 DYNAMIC BEHAVIOUR OF POLYMER SEGMENTS FROM THE 
NMR RELAXATION TIMES 



Figure 19. a) Spin-lattice relaxation times (T1) of the methyl protons (side chain), b) Spin-lattice 
relaxation times (T1) of the methyne protons (main chain) , c) Spin-spin relaxation 
times (T2) of the methyne protons (main chain) versus temperature for different 
particles in D2O 



3.4 FLUORESCENT PARTICLES IN APPLICATION 
STUDIES 

3.4.1 CELL–POLYMER INTERACTIONS OF MICROGEL PARTICLES 
WITH PS CORE (V) 



4 CONCLUSIONS 
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